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Trypanosoma brucei is the causative agent of African trypanosomaisis, 
commonly referred to as African sleeping sickness in humans.  This single-cell 
parasite contains a single flagellum important for cell movement, division and 
morphogenesis. Proper flagellum function requires flagellar attachment to the 
cell body, which is mediated by a specialized flagellum attachment zone 
(FAZ) complex composed of protein filaments, microtubules, and membranes. 
A bi-lobed structure locates at the proximal base of the single flagellum and is 
tightly linked to both the flagellum and the flagellum attachment complex. A 
leucine-rich repeats (LRR) containing protein TbLRRP1 present on the bilobe 
is essential for bilobe duplication, FAZ biogenesis, flagellar attachment and 
cell motility.   
To understand the molecular mechanism of TbLRRP1 and to further 
investigate the function of the bilobe, I used a yeast-two-hybrid screening to 
search for T. brucei proteins interacting with TbLRRP1. Yeast-two-hybrid 
screening resulted in a number of potential binding candidates, which were 
then characterized by YFP-tagging in this study. A previously 
uncharacterized, putative Ran-binding domain containing protein was of 
particular interest. Detailed characterization of TbLRRP1 interaction with this 
protein revealed an intriguing role of TbLRRP1 as a Ran GTPase activating 
protein (RanGAP). TbLRRP1 formed a functional complex with small 
GTPase Ran and a Ran-binding domain containing protein in T. brucei and 
was required for Ran activation. TbLRRP1 is thus the first Ran GTPase 
activating protein (RanGAP) found in T. brucei and protozoan parasites, and 
the first RanGAP identified to have a specific role on flagellum function.  
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CHAPTER 1.  Introduction 
 
1.1. An overview of Trypanosoma brucei 
1.1.1. T.brucei: Parasitology, Phylogeny and Ecology 
 
Trypanosoma brucei is the causative agent of African trypanosomaisis, 
commonly referred to as African sleeping sickness in humans. Sleeping 
sickness has a devastating impact on human health and prosperity, and is 
responsible for >0.5 million cases and 70,000 deaths per year 
(http://www.who.int/en/). The parasite also infects cattle and game animals 
(where it causes the disease ‘nagana’), thereby limiting agricultural 
development and contributing significantly to poverty in afflicted areas 
(Simarro et al., 2008). Although its relative importance has paled in 
comparison with the impact of HIV, the parasite presents a continuous threat 
of sleeping sickness epidemics because of its persisting animal reservoirs 
(including the tsetse flies that transmit it). Further inflicted by the breakdown 
of social and economic infrastructure, sleeping sickness has become the 
biggest killer in parts of Africa, surpassing HIV/AIDS in provinces of Angola, 
Congo and Southern Sudan (http://www.who.int/en/).  There is currently no 
vaccine available, and the four existing drug treatments are old (e.g. Suramin, 
a primary treatment for acute human trypanosomasis, was discovered in 1917 
and patented in 1924), difficult to apply in the field and often associated with 
toxic side effects (Brun et al., 2010).  
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Trypanosoma brucei spp (comprising Trypanosoma brucei brucei and the 
human infective forms T. b. rhodesiense and T. b. gambiense) are part of a 
larger clade of single-celled organisms, collectively referred to as 
kinetoplastids. The kinetoplastids are likely a monophyletic group, which is 
related to the euglenoids (Simpson et al., 2006).  Three distinct kinetoplastids 
are known to cause human diseases: Trypanosoma brucei spp that cause 
African sleeping sickness, Trypanosoma cruzi that causes Chagas disease, and 
Leishmania spp that cause leishmaniasis. All are parasites of the blood and/or 
tissues of the human host and are transmitted by arthropod vectors.  The most 
common carrier of Trypanosoma brucei is the tsetse fly, which is mostly 
found in Western and Central Africa, the poorest developing regions in the 
world. The tsetse fly's habitat varies, depending on the species of the fly and 
its location, but climate and altitude are determining factors in their 
distribution (Matthew et al., 2005).  Trypanosoma cruzi is found in many 
countries in the Americas, and is carried by insects to animals and humans in 
much the same way as its African counterpart, although the vectors for T.cruzi 
are bedbugs or "assassin" bugs rather than the tsetse flies. Trypanosoma cruzi 
was once thought to be confined to Brazil and its surrounding area, but 
recently cases of Chagas disease have been reported as far north as southern 
North America. Immigrants from Central America and Mexico are thought to 





1.1.2   T.brucei: life cycle 
T. brucei spp are parasites with a two-host life cycle; mammals and the tsetse fly 
(Glossina spp) (Fig 1.1).  As such they have to make a series of transitions 
between at least three major environmental niches; mammalian blood stream, 
tsetse midgut and tsetse salivary gland. The life cycle starts when the 
trypanosomes are ingested during a blood meal by the tsetse fly from an infected 
mammalian host. The parasite proceeds to differentiate into procyclic forms 
(PCF) in the fly midgut, proliferating and transitioning through several 
intermediate stages (in strict chronological order) before transforming into the 
infectious metacyclic stage in the salivary gland of the fly (Roditi and Lehane, 
2008; Vickerman et al., 1988).  This process necessitates highly coordinated 
modulation of many basic biological processes (Fenn and Matthews, 2007), 
suggesting that trypanosomes are not only capable of adapting to rapidly changing 
environments, they also possess the capacity for rigorously programmed 
differentiation. Metacyclic, non-proliferating trypanosomes are transferred via 
insect bite to the dermal tissue of the mammal where they transform into 
proliferating long slender form. The trypanosomes multiply locally at the site of 
the bite for a few days before entering the lymphatic system and the blood stream, 
through which they reach other tissues and organs including the central nervous 
system (CNS).  When cells reach a threshold density in the blood stream, they 
differentiate into cell cycle arrested short stumpy forms. The occurrence of the 
cell cycle-arrested short stumpy forms is thought to be important to control the 
parasitaemia and prevent an early death of the host (Vassella et al., 1997). The 
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uniform arrest of stumpy form in G1 phase of the cell cycle ensures that the 
morphological changes that occur upon transmission to the tsetse fly can be 
coordinated with re-entry into the cell cycle. This is important because correct 
organelle positioning is crucial for successful completion of the cell cycle of 
tsetse midgut procyclic forms (Matthews, 2005).  During the blood meal of the 
tsetse fly on an infected mammalian host, short stumpy cells are uptaken by the 
tsetse vector, starting another transmission cycle. During the entire life cycle, T. 
brucei cells multiply by binary fission (Fig 1.1) and are considered to be 
exclusively extracellular. 
 
FIGURE 1.1 T.brucei life cycle (1) Tsetse fly takes a blood meal (injects metacyclic 
trypomastigotes). (2) Injected metacyclic trypomastigotes transform into bloodstream 
trypomastigotes, which are carried to other sites of the body. (3) Trypomastigotes 
multiply by binary fission in various body fluids e.g., blood, lymph, and spinal fluid 
(4) Trypomastigotes in blood. (5) Tsetse fly takes a blood meal (bloodstram 
trypomastigotes are ingested). (6) Bloodstram trypomastigotes transform into procyclic 
trypomastigotes in tsetse fly midgut. procyclic trypomastigotes multiply by binary 
fission. (7) Procyclic trypomastigotes leave the midgut and transform into 
epimastigotes. (8)  Epimastigotes multiply in salivary gland, then transform into 






1.1.3 T. brucei as a model organism 
 In addition to its relevance to public health and economic development in some 
of the poorest places in the world, the molecular tools available in trypanosome 
make it an excellent experimental system in molecular and cellular biology. 
Studies of trypanosome biology generally consider these protozoan parasites as 
individual cells in suspension cultures or in animal models of infection. Studies 
thus far have focused on the proliferative procyclic and bloodstream forms of the 
parasite, mainly because these stages are readily cultured in vitro (Gull, 1999). As 
a model system, the single-celled Trypanosoma brucei is one of the earliest 
divergent eukaryotic organisms studied in laboratories. Trypanosomes have 
followed an evolutionary track distinct from those that are extolled for their 
conservation of key features, from yeast to human. Some universal cellular 
pathways operate in Trypanosomes in interestingly different ways, and some 
biological processes in trypanosomes, though highly conserved, represent unique 
mechanisms of pathogenicity. Examples are RNA editing and GPI-anchoring of 
proteins to membranes, which were famously discovered first in the trypanosomes 
(Low and Finean, 1997, 1998; Low and Zilversmit, 1980; Ikezawa et al., 1976; 
Taguchi et al., 1980). Development in advanced molecular genetics methods such 
as heritable and inducible RNA-interference, targeted gene knockouts, stable and 
inducible overexpression of recombinant proteins allows rapid characterization of 
protein function (Cross 2001; Kelly et al., 2007; Meissner et al., 2007; Motyka 
and Englund, 2004). Reverse genetic and post-genomic work has also been 
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further expedited by the release of the complete genome sequence in 2005 (Aslett 
et al., 2010; Berriman et al., 2005). Production of large-scale RNAi libraries has 
provided new tools for the study of potentially interesting genes that have hitherto 
been overlooked (Alsford et al., 2011; Morris et al., 2002; Burkard et al., 2011). 
 
 
1.2 T. brucei cell biology 
1.2.1 Cell morphology and flagellum attachment zone (FAZ) 
Although its overall length and shape vary subtly at different points in the life 
cycle and cell cycle, T. brucei is consistently recognizable for its characteristic 
elongated, flagellate appearance. The motility of the parasite is dependent upon its 
single flagellum, which has a 9+2 microtubular axoneme with an additional extra-
axonemal complex known as the paraflagellar rod (PFR). The flagellum is 
attached laterally to the cell body in a left-handed helix, beginning from where it 
exits the cell body via the flagella pocket near the posterior region of the cell 
along to the anterior (Sherwin and Gull, 2003).   This polarized shape, which 
remains intact throughout much of the various developmental stages, is conferred 
by the subpellicular corset or cortex. This structure comprises of microtubules 
crosslinked parallel to each other, forming a microtubule sheet that wraps around 
the cell body on the interior side of the plasma membrane (Angelopoulos, 1970).  
Little is known about the biogenesis of the subpellicular corset, its exact 
organization and its duplication and inheritance by daughter cells during the 
binary cell division. Most subpellicular microtubules originate in the anterior 
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region of the parasite, and terminate at the posterior tip (Sherwin and Gull, 
1989a). Using YL1/2, a monoclonal antibody directed to tyrosinated alpha-
tubulin, new microtubule synthesis was found in between existing microtubules, 
suggesting a possible templated model for cortical microtubule duplication 
(Sherwin and Gull, 1989b).  Earlier studies on flagellum protein trafficking 
suggested a role of flagellum in cell morphogenesis (Kohl et al., 2003), and this is 
likely mediated by flagellum attachment to the cell body.  As mentioned above, 
the single flagellum is attached laterally to the cell body, via flagellar membrane 
adhesion proteins (LaCount et al., 2002; Sun et al., 2012) and a mostly 
intracellular flagellum attachment zone (FAZ). Ultrastructurally, the FAZ is 
characterized by an electron-dense filament subtending the flagellum and four 
microtubules in close association with smooth endoplasmic reticulum membranes 
(Sherwin and Gull, 1989a; Vickerman 1962; Vickerman, 1969). Although little is 
known about FAZ components and how new FAZ is assembled in proliferating 
cells, it is increasingly evident that this complex structure plays critical roles in 
cell division, organelle positioning and cell morphogenesis (LaCount et al., 2002; 
Morriswood et al., 2009; Shi et al., 2008; Zhou et al., 2010) . Recent work in our 
lab (Zhou et al., 2012) identified a new FAZ protein CC2D. Depletion of CC2D 
inhibited new FAZ assembly but not cell division during early RNAi stages, 
leading to the production of short new daughter cells containing truncated or no 
FAZ. The length of the FAZ positively correlated to cell length, in both control 
and CC2D-deficient cells, suggesting a direct role of FAZ in determining cell 
length, possibly by modulating cortical microtubule synthesis. How FAZ controls 
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cell length or cortical microtubule assembly remains unknown. It is interesting to 
note, however, gamma-tubulin has been localized to the posterior region, as well 




FIGURE 1.2 Major ultrastructural features of procyclic T. brucei. Each parasite cell 
contains a single nucleus (N) and a single kinetoplast (K), a mass of concatenated 
mitochondrial DNA. The kinetoplast is physically attached to the basal bodies (BB) that 
seed the growth of the single flagellum (the pro-basal body is not depicted separately 
here). Upon exit from the cell, the flagellum is attached to the cell body via the flagellum 
attachment zone (FAZ). A single Golgi apparatus is present at the proximal base of the 
FAZ, adjacent to the flagellar pocket where endocytosis and exocytosis take place and a 
bilobe structure in close association with flagellar pocket collar (FPC) that constricts the 




1.2.2 T. brucei cell cycle  
The high degree of structural organization of T. brucei greatly facilitates 
microscopic analysis of cell cycle and organelle inheritance (Fig 1.2). The cell 
cycle initiates with the elongation and maturation of the pro-basal body and the 
nucleation of a new flagellum. The Golgi situated between the nucleus and the 
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flagellar pocket, is the next to undergo duplication. Kinetoplast S phase initiates 
before the onset of nuclear S phase and is considerably shorter. Early in G2 phase 
of the nuclear cycle, basal bodies separate in a microtubule mediated process, 
resulting in the separation of the kinetoplasts) that are coupled to the basal bodies 
via the tripartite attachment complex (TAC) (Robinson et al., 1991; Ogbadoyi et 
al., 2003). Mitosis occurs with an intranuclear spindle without the disruption of 
the nuclear envelope. The actual mechanism of chromosome segregation remains 
unknown, and the number of chromosomes exceeds the number of kinetochores 
(Ogbadoyi et al., 2000). The cell cycle is completed by cytokinesis with the 
formation of the cleavage furrow along the entire longitudinal axis of the dividing 
trypanosome. 
 
Several unusual features have been observed for trypanosome cell cycle 
(Hammarton et al., 2007). The first is the strict regulation of organelle positioning 
during division. Thus, the kinetoplast-nucleus, and kinetoplast-posterior 
dimensions are fixed during the cell cycle of the procyclic form, cell growth at the 
posterior end occurring between the segregating basal bodies and being 
maintained throughout S, G2 and M phase (Robinson et al., 1995). The second is 
the observation that cytokinesis is not dependent upon the completion of nuclear 
mitosis. Disruption of the mitotic spindle by drugs or genetic perturbation of 
trypanosome cyclin-dependent kinases (CDKs) generates zoids that has a 
mitochondrial genome but no nucleus (Ploubidou et al., 1999, Hammarton et al., 
2003; Li and Wang, 2003). Cells are classified as 1K1N, 2K1N or 2K2N cells; 
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according to the number of nuclei (N) or kinetoplasts (K) each cell contains (Fig 
1.3). 1K2N cells do not normally exist since the kinetoplasts always segregate 
before the nucleus divides.  
Interestingly, organelle positioning and nuclear division have both been linked to 
FAZ functions, although the detailed mechanisms remain unclear (Absalon et al., 
2007, 2008; Vaughan et al., 2008). New FAZ assembly occurs even prior to the 
basal body duplications (LaComble et al., 2010; Gheiratmand et al., 2013). New 
FAZ elongates co-ordinatedly with the new flagellum (Kohl et al., 1999), 
posterior to the old structures. This co-ordinated elongation coincides with 
synthesis of new subpellicular microtubules, increase in cell length and the 
segregation of the duplicated organelles (Fig 1.3). The critical position of the FAZ 






FIGURE 1.3 Cartoon presentation of the major cell cycle stages of T.brucei. (A) A 
single copy of the major organelles (nucleus, kinetoplast, basal body and the Golgi 
apparatus) are present in an interphase cell. The single flagellum is tethered to the cell 
body via the FAZ structure. (B-E) As the cell undergoes cell division, the organelles 
duplicate and segregate in strict chronological and temporal order, which culminates in 
cytokinesis. This allows parasite cell cycle stages to also be categorized according to the 
division and segregation state of the nucleus and kinetoplast (1K1N, 2K1N, 2K2N). 
Small blue circle, kinetoplast; green circle, Golgi; pink rectangle, basal bodies; large blue 
circle, nucleus. The older, existing flagellum is marked in blue while the new flagellum is 
marked in purple. Both the new and old FAZ structures are represented by a series of 
lines undergirding the flagella. (The artwork attained by pencil drawing) 






1.3 The bi-lobed structure 
Whereas little is known about how new FAZ assembly is regulated during the cell 
cycle, a bi-lobed structure, initially identified to be important for Golgi and ER 
exit site duplication (He et al., 2005), seems to play a pertinent role in FAZ 
assembly. 
 
1.3.1 Bilobe; an enigmatic feature of T.brucei with unclear function 
The bilobe structure of T.brucei was serendipitously discovered by 
immunofluorescence using a pan-centrin monoclonal antibody 20H5 with a 
defined localization adjacent to the Golgi in the vicinity of the flagellar exit point 
and was originally proposed to mediate biogenesis of the Golgi complex (He et 
al., 2005). It was shown that early in the cell cycle, the old Golgi was adjacent to 
one lobe of the bilobe structure, whereas the new Golgi was later assembled at the 
other, more posterior lobe. This ensures that each daughter cell inherits one bilobe 
and one Golgi. During segregation of organelles and structures prior to 
cytokinesis, the bilobe structure itself duplicates and one Golgi remains associated 
with each bilobe structure.  
 
 
1.3.2 Morphology of the bilobe structure 
Ultrastructural studies using electron microscopy has led to a deep understanding 
of different cellular components in different types of trypanosomes for over 50 
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years. Using electron tomography, the first integrated view of the flagellar pocket 
and basal body of the Trypanosoma brucei was obtained (Lacomble et al., 2009). 
However, this study was unable to perceive a specific separate cytoskeletal 
structure corresponding to bilobe in this area. The 3D description does suggest 
that the neck region is a good candidate for a cytoskeletal structure that defines 
not only the position of the single Golgi but also the flagellar exit point and 
flagellar pocket collar. Recent biochemical studies on detergent-extracted 
flagellum suggest a tight link between the FAZ filament and the bilobe structure 
(Morriswood et al., 2009; Zhou et al., 2010). The centrally located bilobe overlaps 
with the posterior tip of the FAZ and duplication of the bilobe is immediately 
followed by formation of a new FAZ. Inhibition of bilobe duplication also inhibits 
new FAZ formation (Shi et al., 2008; de Graffenried et al., 2008; Zhou et al., 
2010).  
    A more recent investigation of the bilobe structure takes advantage of its strong 
association with the flagellum (Esson et al., 2012). By focusing on TbMORN1, 
which is the first protein localized exclusively to the bilobe (Morriswood et al., 
2009), this group has carried out an ultrastructural analysis of the bilobe on 
detergent-extracted flagella that are negatively stained. This approach provided a 
clear view of the flagellum-associated bilobe and other structures including the 
flagellar pocket collar (FPC), a ring structure delimiting the flagellar exit site 
from the cell body. At the EM level, TbMORN1 labelled a fishhook-shaped 
pattern at the base of detergent-extracted flagellum, colocalizing precisely with 
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TbLRRP1, another exclusive bilobe marker. However, TbCentrin4 appeared to 
localize to a different domain of the bilobe, suggesting the structural complexity 
of the bilobe structure. 
 
 
1.3.3 Bilobe protein components 
Up to now, four proteins have been shown to localize stably to the bilobe: 
TbCentrin2, TbCentrin4, TbMORN1, and TbLRRP1. Centrins are highly 
conserved Ca2+ binding proteins which are readily identified on microtubule 
organizing centers of eukaryotes. In T. brucei, TbCentrin2 and TbCentrin4 are 
both additionally present at the basal bodies that nucleate flagellum microtubule 
axoneme (He et al., 2005; Shi et al., 2008). However, RNAi- mediated ablation 
revealed different cellular functions for TbCentrin2 and TbCentrin4 during the 
cell cycle. At the early stage of TbCentrin2 depletion, basal bodies and kinetoplast 
division were inhibited and large multinucleated cells accumulated because of the 
inhibition of cytokinesis. Golgi duplication was also inhibited by TbCentrin2 
depletion (He et al., 2005). Conversely, basal bodies and Golgi duplication were 
not affected by TbCentrin4 depletion. However, the coordination between nucleus 
division and cytokinesis may be disturbed by TbCentrin4-RNAi (Shi et al., 2008). 
TbMORN1 (a membrane occupation and recognition nexus repeat protein), was 
the first protein to be identified that was localized exclusively to the bilobe 
(Morriswood et al., 2009). This study has shown that the bilobe co-purifies with 
the trypanosome flagellum and is therefore intimately associated with the flagellar 
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cytoskeleton. They have also shown that the TbMORN1 depletion had a moderate 
inhibitory effect on cell growth in procyclic but was lethal in the bloodstream 
stage parasite.  
Polo-Like Kinases (PLKs) are conserved migratory proteins that are known to 
regulate multiple events during cell division among the Eukaryotes. In 
mammalian cells PLK1 plays important roles in centriole separation, chromosome 
congression and cytokinesis (Barr et al., 2004; Archambault and Glover, 2009). 
This protein is initially found on the centrosome, then migrates to spindle poles 
and the kinetochores following the breakdown of the nuclear envelope, and finally 
localizes to the central spindle and midbody prior to cytokinesis (Golsteyn et al., 
1994; Golsteyn et al., 1995). Depletion of PLK1, leads to defects in spindle pole 
formation and chromosome congression (Peters et al., 2006). 
 
 T. brucei contains a single PLK homologue (TbPLK), that had been implicated in 
cytokinesis (Kumar and Wang, 2006; Hammarton et al., 2007) and also in the 
process of bilobe duplication (de Graffenried et al., 2008). Given the role played 
by PLK in Golgi biogenesis in mammalian cells, the possible involvement of PLK 
in Golgi biogenesis in T.brucei has been investigated by de Graffenried and co 
workers in 2008 and they showed that the TbPLK plays a key role in the 
biogenesis of the bilobe, which in turn affects the biogenesis of the Golgi.  In 
contrast to mammalian PLKs, TbPLK does not appear to play a role in mitosis. In 
a more recent study (Ikeda et al., 2012), the movement of TbPLK1 throughout the 
cell cycle is examined and the effect of its depletion on several flagellum-
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associated cytoskeletal structures is determined. TbPLK initially to the MtQ, then 
the basal bodies, subsequently progresses to the FPC, bilobe, FC and, finally, to 
the growing tip of the new FAZ. This pattern closely matches the order in which 
these structures duplicate, suggesting that TbPLK triggers the replication or 




1.4.1 Identification and structural domain organization 
TbLRRP1 was first characterized in the flagellar proteome and was named 
TbHERTS (Broadhead et al., 2006). A later comparative proteomics study found 
TbLRRP1 localizing exclusively to the bilobe (Zhou et al., 2010). The 713-amino 
acid TbLRRP1 comprises of an LRR-containing domain followed with a C-
terminal coiled-coil region (Fig 1.4A). Both coiled coil and LRR motifs are 
widely present in organisms from prokaryotes to eukaryotes. In general, coiled-
coils are implicated in protein oligomerization (Burkhard et al., 2001) and LRRs 
mediate protein-protein interactions (Kobe et al., 2001). Orthologs of TbLRRP1 
were found in Trypanosoma cruzi and Leishmania major (Fig 1.4B). Proteins 
with little sequence homology but similar domain organizations have been 
identified and found associated with centrosomes or basal bodies in other 
flagellated/ciliated organisms, eg. Vfl1 in Chlamydomonas and CLERC in 
humans. Deficiency in these proteins leads to flagellum biogenesis and mitotic 
spindle pole defects (Muto et al., 2010). However, the LRRs in Vfl1 and CLERC 
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are SDS22-like; whereas the LRR in TbLRRP1 belongs to the RI-like subfamily, 
which has been found in ribonuclease inhibitors and yeast rna1, a RanGAP (Hillig 






















FIGURE 1.4 The domain organization of TbLRRP1. (A) The diagram represents the 
functional domains annotated for TbLRRP1 using SMART program. TbLRRP1 contains 
a leucine-rich repeats-containing (LRR) domain in its N-terminal region and a coiled-coil 
motif in its C-terminal region. Numbers indicate amino acid residues. (B) TbLRRP1 
sequence alignment along with the orthologs in some other members of 




1.4.2 Cellular localization 
Localization of TbLRRP1 to the Golgi-associated bilobe structure has been 
examined by overexpression of the protein as YFP-fusion and confirmed by 
specific mouse monoclonal anti-TbLRRP1 antibodies (Zhou et al., 2010). Like 
TbMORN1, TbLRRP1 was localized exclusively to the bilobe structure, but not at 
the basal bodies, which are also stained by anti-TbCentrin4, TbCentrin2 and 
TbCentrin4. This observation was confirmed by immunoEM of both isolated 
flagellum preparations and detergent-extracted cells (Ikeda et al., 2012). 
 
 
1.4.3 The functional analysis 
Initially, the function of TbLRRP1 was evaluated using tetracycline-inducible 
RNA interference (RNAi) (Broadhead et al., 2006). They reported an inhibitory 
effect on parasite motility upon TbLRRP1 depletion. This observation was 
confirmed by later work (Zhou et al., 2010). Furthermore, the effects of 
TbLRRP1-RNAi on organelle duplication and cell division were also evaluated. 
Cell duplication slowed and then stopped ~72-hour post RNAi. Whereas bilobe 
and Golgi duplication were both inhibited, basal body and kinetoplast duplicated 
normally, but their segregation was defective, leading to the appearance of 
detached new flagella and a concomitant reduction in new FAZ structure. With an 
exception of TbMORN1, depletion of the bilobe proteins in procyclic T. brucei 
has a common effect on organelle duplication and / or cell division. Most 
LRR motif. The region represented in green box is a conserved C-terminal sequence.  
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interestingly, the Golgi, FPC and FAZ have all been shown to be adjacent or 
partially overlapped with the bilobe structure (He et al., 2005; Shi et al., 2008; 
Morriswood et al., 2009; Zhou et al., 2010). These observations emphasized the 
biochemical and structural complexity of the bilobe, its extensive association with 
adjacent organelles and structures, and its critical role in co-ordinating organelle 




1.5 The purpose of this study  
T. brucei LRRP1 was identified as a bilobe component in a comparative 
proteomics screening for flagellum associated proteins (Zhou et al., 2010).  As the 
only exclusive bilobe protein essential for cell survival, TbLRRP1 provided a 
specific marker to investigate bilobe association with other organelles 
(Gheiratmand et al., 2013), and a useful tool to understand bilobe function. The 
cellular function of TbLRRP1 in organelle duplication/segregation, cell motility 
and cell division has been thoroughly analyzed in previous studies (Zhou et al., 
2010), but its molecular mechanism is yet to be understood.  
 
To understand the molecular mechanism of TbLRRP1 and to further investigate 
the function of the bilobe, I used a yeast-two-hybrid screening to search for T. 
brucei proteins interacting with TbLRRP1. Yeast-two-hybrid screening resulted 
in a number of potential binding candidates, which were then characterized by 
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YFP-tagging. A previously uncharacterized, putative Ran-binding domain 
containing protein was of particular interest. Detailed characterization of 
TbLRRP1 interaction with this protein revealed an intriguing role of TbLRRP1 as 
a putative Ran GTPase activating protein (RanGAP).  
CHAPTER 2 Materials and Methods 
 
2.1 Yeast-Two-Hybrid screening 
2.1.1 cDNA library construction 
Procyclic T. brucei (YTat1.1) cDNA library was generated using a MatchmakerTM 
Library Construction kit following manufacturer’s instructions (Clontech). First, 
T.brucei mRNA was isolated with Fast Track® MAG Maxi mRNA isolation kit 
(Invitrogen, USA). 1-2μl purified mRNA (1μg) and 1μl CDSIII primer were 
mixed using appropriate amount of deionized H2O to adjust the total volume to 
4μl. The mixture were incubated at 72°C for 2min and rapidly cooled on ice for 2 
min. After cooling, 2μl 5X-First-Strand Buffer, 1μl 2mM DTT, 1μl dNTPs 
(10mM), and 1μl MMLV Reverse Transcriptase were added into the tube, mixed 
and then incubated at 42°C for 10min before addition of 1μl SMART III 
Oligonucleotide, followed by incubation at 42°C for 1 hour. Reaction was then 
terminated at 75°C for 10 min. After the temperature of contents in the tube 
reached room temperature, template RNA was degraded by adding RNase H (1μl) 
at 37°C for 20min. Double stranded cDNA was amplified in a 100μl reaction 
including 2μl first-strand cDNA synthesized from previous step, 70μl deionized 
H2O, 10μl 10XAdvantage 2 PCR Buffer, 2μl 10mM dNTP mix, 2μl 5’ PCR 
primer, 2μl 3’ PCR primer, 10μl 10X GC-Melt Solution, 2μl 50XAdvantage 2 
Polymerase Mix. After PCR amplification, double stranded cDNA was purified 
with CHROMA SPIN TE-400 Column (Clontech) according to instructions. 
Double-strand cDNA was then co-transfected with linearized pGADT7-Rec 
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plasmid into yeast stain AH109, creating the activation domain library that was 
used as prey (Zhang, 2012).  
2.1.2 Bait plasmid construction 
In order to generate the bait construct for yeast-two-hybrid assay, either the LRR 
domain (1-349 aa) or the coiled-coil domain (480-530 aa) of TbLRRP1 was 
cloned into the pGBKT7 vector (Clontech). The desired fragments were inserted 
into the multi-cloning site of the pGBKT7 vector using EcoRI and BamHI 
restriction sites, allowing in-frame fusion to the Gal4-DNA binding domain in the 
vector. The bait constructs were then tested for transcriptional auto-activity and 
toxicity. The growth rate of the cells transformed with the bait-plasmids 
(pGBKT7-LRR and pGBKT7-Coiled-coil) was about three-times slower than 
those transformed with the empty pGBKT7 plasmid, suggesting that expression of 
the bait proteins was toxic to yeast cells.  Because in some cases strains that do 
not grow well in liquid culture can grow reasonably well on agar plates, yeast 
colonies were resuspended in 1 ml of SD/-Trp, and the cell suspension was spread 
on five 100-mm SD/-Trp plates, which were incubated at 30°C until the colonies 
were confluent. All colonies from each plate were resuspended in a total of 5ml of 





2.1.3 Preparation of yeast competent cells and small-scale yeast 
transformation 
Yeast cells (Y187 or AH109) were streaked on YPDA agar (Clontech) plate and 
incubated at 30°C for 2-4 days to allow growth of single colonies. A single colony 
(2-3mm in diameter) was then inoculated into 1.5 ml YPDA medium and 
incubated at 30°C for 16-20hrs on shaker at 300rpm. The cells from 1 ml of the 
culture were harvested at 12,000 rpm for 1min and resuspended in a mixture of 
80µl 50% PEG-3550, 10µl 1M DTT and 5µl 4M LiAC. For transformation, 
500ng plasmid DNA and denatured carrier DNA (5µl 10µg/ml stock) were mixed 
in a separate 1.5 ml microcentrifuge tube and incubated on ice for 10 min. 
Competent cells were then added to the DNA mixture and incubated at 45°C for 
30 min. Thorough mixing was performed by vortexing every 10 min during the 
incubation.  Cells were then spread on to plate containing SD/-Trp medium.  
 
 
2.1.4 Yeast mating 
1ml aliquot of the T. brucei cDNA library in AH109 and 5ml (≥1×109 cells/ml) of 
Y187 transformed with bait construct were combined in a sterile 2L flask 
containing 40ml 2X YPDA/Kan (50µg/ml). The flask was then incubated at 30°C 
for 20-24hrs with gentle swirling (30-50rpm). After mating, the mixture was 
centrifuged at 1,000xg for 10 min. Cell pellet was resuspended in 10ml 
0.5XYPDA/Kan (50µg/ml). To determine the mating efficiency, 100µl of a 
1:10000, 1:1000, 1:100 and 1:10 dilutions of the mating mixture was spread on 
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three different selective plates (SD/-Trp, SD/-Leu, SD/-Trp/-Leu). Next, the 
viable colony forming unit (cfu)/ml of the two mating strains was compared. In 
this library screening, the AH109 strain had lower cfu on SD/-Trp (0.696) 
compare to Y187 strain (cfu=1.220) on SD/-Leu and therefore AH109 was the 
limiting partner to ensure that the maximum number of library cells find a mating 
partner. (cfu)/ml on SD/-Leu/-Trp been calculated as viability of diploids. By 
dividing the cfu/ml of diploids by cfu/ml of limiting parner, the mating efficiency 
calculated as 28.67%. Cell suspension was then spread on selective medium SD/-
Trp/-Leu/-His/-ade on agar plates. After 5 days of incubation at 30°C, diploids 
expressing interacting proteins appeared on the plates. To eliminate the most 
common class of false-positive colonies, Ade+/His+ colonies were streaked out on 
fresh SD/-Ade/-His/-Leu/-Trp/X-α-Gal master plates and incubated for 4-5 days 
at 30°C to test Ade+/His+ colonies for the third reporter; MEL1. Positive blue 
colonies were then further analyzed by PCR colony screening. Glycerol stock 
cultures of potential positive colonies were frozen at -80°C for long-term storage.  
 
 
2.1.5 Identify the cDNA inserts from positive colonies 
To identify the genes (and thus proteins) responsible for the positive two-hybrid 
interactions, the cDNA inserts were rescued by PCR colony-screening using 
Matchmaker AD LD-insert screening amplimer set (Clontech). The PCR products 
were then analyzed by gel electrophoresis and excised from the gel for DNA 
purification and sequencing. The DNA sequences were blasted against T. brucei 
genomics sequences in the tritryp databases (tritryp.org).  
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 2.2 Molecular cloning 
Full-length coding sequences of the putative binding candidates identified from 
the yeast-two-hybrid screening were then amplified via polymerase chain reaction 
(PCR). Standard PCR was generally performed in 50µl reaction volume, using 
purified T. brucei genomic DNA as template. All reactions were carried out on 
DNA Engine® Peltier Thermal Cycler or My Cycler™ Thermal Cycler (Bio-Rad, 
USA). PCR products were fractionated by agarose gel electrophoresis (1%-2%, 
run at 10V/cm). Desired fragments were excised for purification using QIAquick 
PCR Purification Kit (QIAGEN). Purified DNA fragments and their designated 
plasmids vectors were subsequently digested with suitable restriction enzymes, 
followed with ligation overnight at 16°C at a molar ratio of 1:3 (vector: insert). 
Transformation was performed by heat shock into competent E. coli TOP10 cells. 
Plasmids harvested from single colonies were then checked for the inserts by 
restriction digest and/or DNA sequencing.  
 
2.3 T.brucei methods 
2.3.1 Culture of procyclic T. brucei 
All experiments described in this thesis were performed on procyclic cell lines - 
YTat1.1 (T. brucei rhodesiense) (Ruben et al., 1983), and 29.13 (T. brucei brucei) 
that allows tetracycline-inducible expression (Wirtz et al., 1999). YTat1.1 cells 
were cultivated at 28°C in Cunningham's medium supplemented with 15% heat-
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inactivated fetal bovine serum (Hyclone). 29.13 cells were maintained at 28°C in 
Cunningham medium containing 15% heat-inactivated, tetracycline-free fetal 
bovine serum (Clontech) in the presence of 15μg/ml G418 and 50μg/ml 
hygromycin. The cell density was maintained between 2×106 and 2×107 cells/ml 
by dilutions.  
 
2.3.2 Transient and stable transfection of procyclic T.brucei  
Plasmids were transfected either transiently or stably by electroporation into 
parasite procyclic cells. 30-50µg of plasmid was typically used in a transient 
transfection, while a stable transfection required at least 15µg of linearlized 
plasmid. To precipitate DNA, plasmid was mixed with 2.5 volume 100% ethanol 
and 1/10 volume 3M sodium acetate (pH5.2). DNA was precipitated by 
centrifugation at 13,000 rpm for 10 min at 4°C. DNA pellet was washed twice 
with 70% ethanol, air dried, and dissolved completely in 500µl cytomix (25mM 
Hepes, 120mM KCl, 0.15mM CaCl2, 10mM K2HPO4, 2mM EGTA, 5mM MgCl2, 
adjusted with KOH to pH7.6).  
Approximately 5x107 log-phase cells were harvested by centrifugation at 3,000 
rpm for 7min, washed once with 5ml cytomix, resuspended in 500µl cytomix and 
mixed with plasmid DNA. The mixture was then transferred to a 4mm-gap 
cuvette and electroporated twice using a BioRad Gene Pulser (1500 V, 25 μF, ∞ 
Ω), with 10 seconds in between pulses. Transiently transfected cells were checked 
for ectopic gene expression between 16-48 hours post transfection, while cells 
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undergoing stable transfection were typically cloned by limiting dilutions and 
subjected to antibiotic selection 8-12 hours post transfection.  
 
2.3.3 Clonal selection of stable transformants by limiting dilution 
In order to obtain clonal cell lines of stably-transfected cells, parasite cultures 
were serially diluted in a 96-well microtiter plate such that the parasites were 
eventually cultured at dilutions below one cell per well (Rosario, 1981). To 
accomplish this, parasite cultures growing in mid log-phase were diluted two fold 
in each subsequent column of wells, resulting in a maximum dilution of 211 times 
the original culture concentration. Appropriate antibiotics was then added using 
multichannel pipets into each well for selection. Plates were sealed with parafilm 
and incubated at 28°C, 5% CO2 for approximately 10-15 days until clonal 
cultures were obtained. 
 
2.4 RNA interference (RNAi) 
Specific RNAi target to a certain gene is selected by RNAit 
(http://trypanofan.path.cam.ac.uk/software/RNAit.html) (Redmond et al., 2003). 
The DNA fragment corresponding to the target region was cloned into pZJM 
and/or p2T7 vector in between the XbaI sites. RNAi constructs were then 
linearized with NotI and transfected into 29.13 cells. Stable, clonal transfectants 
were obtained by limiting dilution and antibiotics selection. Production of double-
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stranded RNA in these cells was induced by tetracycline (10µg/ml). To evaluate 
RNAi efficiency, T. brucei cultures were sampled every 24 hours to monitor cell 
growth by cell counting, specific protein depletion by immunoblots and cellular 
phenotypes by light microscopy.  
      
2.5 Immunofluoresence microscopy 
Log-phase T.brucei cells were harvested by centrigugation at 4600 rpm for 1 min, 
washed once with PBS (137mM sodium chloride, 2.7mM potassium chloride, 7mM 
disodium hydrogen phosphate, 3mM sodium dihydrogen phosphate, pH7.4), spread 
on glass coverslips and allowed the cells to attach for 30 min. Cells were then 
either permeabilized and fixed in cold methanol at -20°C for 7-10 minutes or fixed 
in 4% paraformaldehyde (PFA) followed by permeabilization with 0.2% Triton 
X-100 in PBS. Whenever extraction was needed, cells were treated with either 1% 
Triton X-100 or 1% Nonidet P40 in PBS 15 min at room temperature, then fixed 
with 4% PFA for 20 minutes at 4°C. Fixed cells on coverslip were blocked with 
3% BSA in PBS for 1 hour to prevent non-specific antibody binding. Cells were 
then incubated with primary antibody followed with appropriate secondary 
antibody and counter-stained with 2µg/ml 4, 6-diamidino-2-phenylindole (DAPI) 
for 20 minutes. After several washes with PBS, the cells were rinsed with milli-Q 
water and the coverslips were mounted with fluorescence mounting medium 
(SouthernBiotech Fluoromount-GTM) and air dried before observation.  All 
primary antibodies used in this study and their relevant dilutions are listed in 
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Table 2. All fluorescein-conjugated secondary antibodies (Sigma) were used at 
1:2000 dilution. All samples were observed with a Zeiss inverted microscope 
(model Axio Observer Z1) equipped with a CCD camera (model CoolSNAP 
HQ2, Photometrics). Images were processed with Adobe Photoshop CS5.    
 
2.6  Immunoblotting analyses  
Parasite cells were washed with PBS, lysed by boiling at 100°C for 5 minutes in 
the presence of SDS Loading Buffer (3x stock: 150 mM Tris-HCl, pH6.8, 6% 
SDS, 30% glycerol, 2.5% 2-mercaptoethanol, 0.06% Bromophenol Blue). 
Denatured cell lysates were resolved by 12% acrylamide gel, electrophoresed at 
120V for 1.5-2 hours. Proteins were then electrophoretically transferred onto a 
methanol-activated PVDF membrane for an hour at 70V. The membranes were 
blocked with 5% milk in TBST (0.1% Tween-20,10mM Tris-HCl, 150mM NaCl, 
pH7.6)  for an hour prior to incubation with appropriate primary antibodies and 
horseradish peroxidase-conjugated secondary antibodies. After extensive washes 
in TBST, the blots were incubated with SuperSignal® West Dura Extended 
Duration Substrate solution (Thermo Scientific), and imaged using a 
chemoilluminescence detector (model ImageQuant LAS 4000, GE Healthcare).  
Should there be a need to re-probe the membrane with different antibodies, the 
membrane was stripped with stripping buffer (2% SDS, 62.5 mM Tris-HCl, 
pH6.8, 100 mM 2-mercaptoethanol) for 30 minutes at 60°C, followed by brief 
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washes with TBST. Membranes were then blocked again with 5% milk in TBST 
before incubation with the desired antibodies. 
 
2.7 Coomassie Blue staining 
After electrophoresis, SDS-PAGE gels were transferred to staining solution 
containing 0.1% Coomassie Brilliant Blue R250, 10% acidic acid and 40% 
ethanol. Staining was performed for 45min to overnight with gentle shaking on a 
platform shaker. The gel was then distained with solution containing 10% acidic 
acid and 40% ethanol, with multiple changes of the distaining solution until 
desired intensity and contrast. 
 
2.8 Expression and purification of recombinant proteins in E. coli 
Single colony of transformed BL21 cells was inoculated into LB medium 
containing appropriate antibiotic and cultured overnight at 37°C with shaking. The 
overnight culture was diluted with fresh cell culture medium (1:50) and cultured 
at 37°C until the OD600 reached 0.6-0.8. Isopropyl-beta-D-thiogalactoside 
(IPTG) was then added into cell culture to the final concentration of 100μM to 
induce expression of recombinant protein. Induction was typically performed at 
37°C with shaking for 4 hours. Cells were subsequently harvested by 
centrifugation at 4000rpm at 4°C for 20min. In case protein purification does not 
proceed immediately after cell harvest, the cell pellet can be snap frozen in liquid 
nitrogen and stored at -80°C until use. 
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For GST-fusion protein purification, the bacterial cells were resuspended in ice-
cold PBS supplemented with 2mM EDTA (pH8.0), protease inhibitors (Roche; 1 
tablet in each 50ml PBS) and 100µg/ml lysozyme.  The cells were stored on ice 
for 30min and then homogenized by sonication until the lysate became clear. 
Triton X-100 (1% final) and DNaseI (1U/ml final) were then added to the cell 
lysates, which were incubated with gentle rotation at 4°C for 2 hours. After 
complete cell lysis, the lysates were centrifuged at 12,000rpm for 20min at 4°C. 
Cleared supernatant containing soluble GST-tagged proteins was incubated with 
gluthatione sepharose beads (GE,Healthcare,UK) at 4°C with gentle rotation for 1-
2 hours to allow binding.  The sepharose beads were then washed 3 times with 
10ml PBS containing 1% Triton-X-100 and protease inhibitors, followed by 3 
more times with PBS only. After the last PBS wash, beads were resuspended in 
10ml PBS and loaded to a chromatography column. GST-tagged proteins bound 
to the beads were eluted 5 to 6 times with buffer containing 50mM Tris HCl and 
20mM reduced glutathione, pH8.0. Individual eluted fractions were subjected to 
SDS-PAGE followed by Coomassie Blue staining and/or immunoblotting, to 
monitor protein purity and yield.  
For His-tagging, cDNA encoding the full length TbRanBPL (GeneID: 
Tb927.10.8650) or the C-terminal Ran-binding domain only (594nt -1014nt) were 
sub-cloned into to the pET-28b (+) vector (Novagen). Protein expression, 
induction and purification were similar to those described in sections 2.8. 
However, purification of His-tagged proteins was performed with NTA-Ni beads 
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(QIAGEN, Germany) and protein bound to the beads was eluted with PBS 
containing 250mM imidazole. 
 
2.9 Bradford assays  
Protein concentration was determined using Bradford method in this study. The 
Bradford method is based on the phenomenon that under acidic conditions, the 
absorbance maximum for Coomassie Brilliant Blue G-250 shifts from 465nm to 
595nm when protein binding occurs. Briefly, 1μl sample or protein standard of 
known concentration was mixed with 1ml Bradford reagent (0.01% Coomassie 
Brilliant Blue G250, 5% ethanol and 8.5% phosphoric acid). The absorbance of 
the mixture was determined by spectrophotometer using 1ml Bradford reagent 
(BioRad) only as blank. The concentration of sample was determined by the 
standard curve obtained by plotting OD595nm versus protein standard 
concentrations. 
 
2.10  Ran activation assay 
Ran activation activities were evaluated using a commercially available Ran 
activation assay kit (Cell Biolabs, USA). This assay takes advantage of the 
specific binding of human RanBP1 to GTP-Ran, but not GDP-Ran. By 
monitoring the amount of GTP-Ran bound to RanBP1-coated beads, the Ran 




2.10.1 Preparation of parasite lysates 
For each assay, 1 x 107 of T. brucei cells were washed twice with ice-cold PBS 
and resuspended in 0.5-1ml ice-cold lysis buffer (125 mM HEPES, pH 7.5, 750mM 
NaCl, 5% NP-40, 50 mM MgCl2, 5 mM EDTA, 10% Glycerol). Cells were lysed by 
repetitive pipetting and cell lysates were then centrifuged at 14,000 g for 10 min 
at 4°C to remove cell debris. Volume of each sample was adjusted to 1ml with 
lysis buffer. For nucleotide loading, 20µl 0.5M EDTA was added to each sample 
before 10µl GTPγS (100x stock) or 10 μl GDP (100x stock) was added. The tubes 
were then incubated for 30min at 30°C with agitation. Nucleotide loading was 
stopped by adding 65µl 1 M MgCl2 to each tube.  
 
 
2.10.2 Ran pull-down assay 
The RanBP1 agarose beads slurry were thoroughly resuspended by vortexing. 
40µl slurry was added to each sample prepared in the above section. The tubes 
were then incubated at 4°C for 1 hour with gentle agitation. The beads were 
pelleted by centrifugation for 10 seconds at 14,000 X.g. After aspirating the 
supernatant, the beads were washed 3 times with 0.5 ml lysis buffer, centrifuging 
and aspirating each time. The beads were then resuspended in 40 μl reducing 
SDS-PAGE sample buffer and denatured at 100°C for 5 min.  
 Table 2.1 List of vectors used in this study. 
Vector Purpose Vector origin Antibiotic resistance Reporter tag 
Linearization 
site for stable 
transfection E. coli T. brucei 
pGBKT7 Bait plasmid Clontech Kanamycine - - - 
pXS2 
Constitutive over-
expression in procyclic T. 
brucei 
Bangs et al., 1996 Ampicillin Blasticidin YFP or BB2 MluI 
TOPO 
Endogenous replacement 








Blasticidin YFP or BB2 NsiI or PacI 
pLew100 Inducible overexpression in T. brucei  
Ampicillin 
 Blasticidin YFP or BB2 NotI 
pZJM RNAi in T. brucei Wang et al., 2000 Ampicillin Phleomycin - NotI 
p2T7 RNAi in T. brucei Wickstand et al., 2002 Ampicillin Phleomycin/Blastidin - NotI 
pET28-a+ Inducible protein expression in E. coli Novagen Kanamycin - Hisx6- - 






Table 2.2 List of antibodies used in this study.  
 
Antibody Antigen Origin/Clonality Reference/Company Labeled structure in T.brucei Dilution for IB Dilution for IF
YL1/2 
Tyrosinated 
alpha tubulin Rat (pAb) (Kilmartin et al., 1982) Basal bodies - 
1:1000 
Anti-TbLRRP1 TbLRRP1 Mouse (mAb) Zhou et al., 2010 bilobe 1:2000 1:1000 
Anti-Ran Ran Mouse (mAb) Cell Biolabs Nucleus 1:1000 1:100 
KMX-1 β-tubulin Mouse (mAb) Roche Cytoskeleton/Spindle 1:5000 - 
Ani-TbVP1L3 TbVP1 Rabbit (pAb) Lemercier G. et al., 2002 Acidocalcisomes - 1:500 
Anti-TbSKL TbSKL  Keller et al., 1991    
Anti-
TbCentrin4 TbCentrin4 Mouse (mAb) Shi et al., 2008 
Basal bodies and 
bilobe - 1:400 
Anti-GRASP TbGRASP65 Rabbit (pAb) He et al., 2004 Golgi - 1:1000 
Anti-YFP YFP Rabbit (pAb) Abnova - 1:1000 1:500 
Anti-GST GST Rabbit (pAb) GE Healthcare - 1:2000 - 










Table 2.3. List of new constructs prepared and primers used in this study 
 
Construct Insert Primers Restriction sites 
pGBKT7-LRR Leucine-rich repeat domain (1-360aa) of TbLRRP1 
Forward: GTACTTGAATTCATGCATTCGAAAGCATCCTCT 



































































500 bp 5' UTR 
and 


















Tb927.10.8650 Full length Tb927.10.8650 
Forward: GAAGATCTTCTCGGACCGCCTTAGAGGTGA 





RNAi fragment as identified by 
the RNAit program 
(Redmond et al., 2003) 
Forward: TGCTCTAGAGCACGCAATGACTGCAACTGACT 





















3.1 Domain analyses of TbLRRP1 
TbLRRP1 was identified as a bilobe component in a comparative proteomics 
screening for flagellum associated proteins (Zhou et al., 2010). The 713-amino 
acid protein comprises of a leucine-rich repeats-containing domain followed with 
a coiled-coil region near the C-terminus (Fig 1.4). The leucine-rich repeats (LRR) 
in TbLRRP1 belong to ribonuclease inhibitor subtype (Kobe et al., 2001), which 
form similar structure motif to the LRR present in the GTPase activating protein 
(RanGAP) rna1P (Hillig RC et al., 1999). Rna1P interacts directly with small 
GTPase Ran through its LRR and facilitates Ran activation, a critical regulatory 
process for nucleocytoplasmic transport (Seewald et al., 2002). 
 
To understand the domain function in bilobe targeting, different truncated 
versions of TbLRRP1 were fused to YFP reporter and expressed in procyclic 
T.brucei (Fig.3.1). The LRR domain did not bear any localization information and 
YFP- LRR was found distributed throughout the cytoplasm. The coiled-coil 
domain alone however, was necessary and sufficient in mediating bilobe 











3.2 Yeast-two-hybrid screening for TbLRRP1-interacting proteins 
 To further investigate the molecular function and mechanism of TbLRRP1, a 
yeast-two-hybrid screening was performed to search for T. brucei proteins that 
interact with TbLRRP1. In doing this, a procyclic T. brucei cDNA library with 
total of ~ 6.5× 105 colonies with a 60-fold coverage of the T.brucei coding 
 
bilobe targeting. (A) The schematic represents the truncation mutants of TbLRRP1.  (B-
D) TbLRRP1 truncation mutants were expressed in procyclic T. brucei and the 
expression was examined by immunoblots using anti-GFP and immunofluorescence 
microcopy. Whereas LRR-YFP was distributed throughout the cell, cc-YFP that 
contained only the 50aa coiled-coil region of TbLRRP1 localized specifically to the 
bilobe, colocalizing with the anti-TbMORN1 antibody. Scale bar=2µm. 
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genome (9068 genes with an average length of ~1500bp/gene) was constructed 
(Zhang, 2012).  Screening was performed using either the LRR or the coiled-coil 
domain as bait. 
 
 
3.2.1 Auto activation test for LRR- and coiled-coil-containing bait 
constructs 
Bait proteins with high auto activity, i. e. high intrinsic activity to initiate 
transcription of reporter genes, cannot be used for yeast-two-hybrid screening.  
Therefore, both LRR- and coiled-coil-containing bait proteins were tested for any 
possible auto activity. Two reporters for yeast two-hybrid screening, HIS3 and 
ADE2, are necessary for biosynthesis of essential nutrients; histidine (His) and 
adenine (Ade). Yeast strain YH187 expressing bait-plasmids alone did not grow 
on medium lacking either His or Ade (data not shown), indicating that neither 
BD-LRR nor BD-coiled-coil could initiate transcription of ADE2 or HIS3 alone, 
validating these bait constructs for further screening.  
 
 
3.2.2 Summary of yeast-two-hybrid screening results  
Yeast mating was performed between yeast strain Y187 that harbored either the 
LRR or the coiled-coil domain in bait plasmid, and yeast strain AH109 that was 
transformed with T. brucei cDNA library as prey. Mating between Y187 cells 
harboring bait construct and AH109 cells transformed with empty vector was 
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used as negative control. As expected, no colonies appeared in the control 
experiment while diploids representing interactions between bait and prey 
proteins were selected with high-interagency medium (SD/-His/-Ade/-Trp/-Leu).  
To eliminate false positive Ade+/His+ colonies, all colonies obtained on high-
interagency medium were streaked out on fresh SD/-His/-Ade/-Trp/-Leu/X-α-Gal 
master plates in a grid fashion and incubated for 4-5 more days. A total of 70 
positive blue colonies resulted from three independent yeast mating experiments 
for LRR (Fig 3.2). To identify the genes (and thus proteins) responsible for the 
positive two-hybrid interaction, the cDNA inserts were rescued by colony PCR 
and sequenced using either T7 primer and/or matchmaker AD LD- insert 
screening amplimer set (Clontech). A total of 53 PCR fragments were 
successfully sequenced. Among these, 7 fragments encoded ribosomal proteins, 
which are frequently observed in yeast two-hybrid screenings and generally 
treated as false positives (Hengen, 1997). The remaining 46 PCR fragments 
represented 27 different proteins listed in Table 3.1, which were classified 
according to their cellular distribution and functional annotation. Proteins 
highlighted in yellow were further analyzed for cellular localization. 
 
Interestingly, for the coiled-coil domain, most inserts recovered (12 out of 17 
PCR fragments sequenced) encoded a 20S ribosomal protein. Only 5 non-
ribosomal, non- redundant genes were identified from two separate mating 




FIGURE 3.2 Yeast-two-hybrid screening to identify binding partners of TbLRRP1 (A) Positive 
Ade+/His+ colonies were streaked out on SD/-His/-Ade/-Trp/-Leu/X-α-Gal master plates in a grid 
fashion (left) and positive blue colonies appeared after 6 days (right). (B) More than 70 colonies 
were recovered and prey-coding cDNAs were amplified using matchmaker LD/AD amplimer set. 
cDNA from 53 colonies were successfully sequenced (blue).  
       
 
 Table 3.1.  List of non-redundant genes identified by yeast two-hybrid screening for 
LRR-interacting proteins. 
Classification Gene ID Annotation Hit number 
 
 



















Tb927.3.1970 Hypothetical protein, cointaining DFP; DNA / 
pantothenate metabolism flavoprotein 
2 
Tb927.10.8650 Hypothetical protein, containing RanBP1 domain 1 
Tb927.7.5640 Hypothetical protein, Containing D111/G patch domain 1 
Tb927.11.3160 Tro-A like superfamily 1 
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 Nuclear proteins Tb927.11.10750  Putative pre-mRNA-splicing factor CWC22 1 
Tb927.5.3970 Putative adenylate kinase 3 
Tb927.1.350 Putative retrotrasposon hot spot protein  3 





Putative DNA-directed RNA polymerase III, RPC128 2 
Cytoplasmic proteins Tb927.10.2100 elongation factor 1-alpha,EF-1-alpha (TEF1) 4 
Tb927.10.11270 Putative RNA binding protein (RBP23) 1 
Tb927.11.5140 Putative, Ubiquitin carboxyl-terminal hydroxylase 1 
Tb927.3.3400 Putative Kinesin 1 
Paraflafellar rod 
proteins 
Tb927.6.4140 Putative paraflagellar rod component,PFC4 1 
Glycosomal proteins Tb927.8.3530 glycerol-3-phosphate dehydrogenase [NAD+] 2 
Tb927.10.2020 Putative hexokinase 2 3 
Mitochondrial proteins Tb927.10.4310 Putative prohibitin2 (PHB2) 1 
Tb927.8.3330 Mitochondrial carrier protein 1 
Genes highlighted in yellow were further analyzed for cellular localization. 
 
Table 3.2.  List of non-redundant genes identified by yeast two-hybrid screening 
for Coiled-coil-interacting proteins. 
 
Classification Gene ID Annotation Hit number 
Hypothetical 
protein 
Tb927.6.3930 TPR-like protein 2 
Mitochondrial 
protein 
Tb09.160.2970 mitochondrial RNA editing ligase, 
KREL1 
1 
Tb927.6.217  Putative co-chaperone GrpE 1 
Cytoplasmic 
protein 
Tb10.70.5830 Actin-Like protein putative 1 
Nuclear proteins Tb927.1.350 Putative, retrotransposon hot spot 
(RHS) protein 
2 
Gene highlighted in yellow was further analyzed for cellular localization. 
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3.2.3 Sub-cellular localization of selected, putative binding partners 
of TbLRRP1 
Among the putative TbLRRP1 binding proteins (Tables 3.1 and 3.2), about 30% 
of the candidates represented previously uncharacterized proteins with unknown 
functions, making the selection for protein candidates for further characterization 
challenging. A detailed domain analysis for each protein candidate was performed 
using bioinformatics methods. This allowed rapid screening of protein candidates 
with interesting domain organization or domain function, which may be related to 
TbLRRP1 function and localization. The sub-cellular localization of these 
proteins (highlighted in yellow, Tables 3.1 and 3.2) were then examined using a 
YFP-tagging approach in procyclic T.brucei. 
 
Full length DNA coding sequences were amplified by PCR, fused with YFP and 
over-expressed in procyclic T.brucei. The intracellular localization of these 
proteins is summarized in Table 3.3. Disappointingly, not a single protein 









TABLE 3.3 Sub cellular localization of selected protein candidates identified by 
yeast-two-hybrid screening. 
 














Hypothetical protein Tb927.10.8650  1014 N Stable Cytoplasmic 
Hypothetical protein Tb927.10.5630 558 C Stable Cytoplasmic 
Hypothetical protein Tb927.7.5640 816 C Stable Basal bodies 
Hypothetical protein Tb927.9.2110 342 C Transient Cytoplasmic 
Hypothetical protein Tb 927.7.1060 1465 N Transient Cytoplasmic 
Hypothetical protein Tb927.5.150 816 C Stable Glycosomes 








Tb927.6.4140 348 C Stable Cytoplasmic 
Pre-mRNA-splicing 
factor, CWC22 




Tb927.10.11270 729 C Transient Cytoplasmic 
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3.3   Characterization of a hypothetical protein containing Ran-binding 
domain  
Although the YFP-localization study did not reveal useful information in 
narrowing down the list, one putative LRR-binding candidate, encoded by 
Tb927.10.8650, was of particular interest among other candidates. This 337-
amino acid hypothetical protein contains a putative Ran-binding domain (with an 
E value of 1.66x10-10) in the C-terminal region, suggesting that it may bind to 







FIGURE 3.3 Sub-cellular localization of hypothetical protein encoded by 
Tb927.10.8650. pXS2-YFP and pLew-100-YFP vectors were used to over-express the 
protein as YFP-tagged fusions. (A) Live YTat1.1 cells transiently transfected with pXS2-
YFP-Tb927.10.8650 showed YFP signal throughout the cytoplasm. (B) Cells in (A) were 
fixed in PFA and YFP signal was observed in the cytoplasm. (C) Similar cytoplasmic 
distribution was also observed in cells containing pLew100-YFP-Tb927.10.8650 for 
inducible expression of pXS2-YFP-Tb927.10.8650. Scale bar=2µm. 
  51
expressing the fusion, transiently expressing the fusion, transiently or inducibly 
(Fig 3.3).  No specific enrichment of this protein was observed at the bilobe.  
 
3.3.1 An introduction to Ran GTPase  
Ran is an abundant Ras-like small GTPase.  It is initially characterized for its role 
in modulating nucleocytoplasmic transport of macromolecules across the nuclear 
envelope (Moore et al., 1994). Later studies also find Ran GTPase involved in 
mitotic spindle and nuclear envelope re-assembly during the cell cycle (Gruss et 
al., 2004; Ciciarello et al., 2007). More recently, Ran GTPase activity is also 
linked to regulated ciliary protein entry (Dishinger et al., 2010). Like all Ras-like 
GTPase family members, Ran GTPase functions as a molecular switch cycling 
between the GTP-bound form and the GDP-bound form (Fig 3.4). Ran’s 
association with different cellular proteins depends upon the nucleotide that it is 
bound to. Furthermore, GTP-bound Ran is specifically enriched in the nucleus 
while GDP-bound Ran is enriched in the cytoplasm (Joseph, 2006). This steep 
and asymmetrical distribution is critically required for the directionality of 
nucleocytoplasmic trafficking, and is thus tightly regulated by two GTPase 
regulatory proteins namely Guanine Exchange Factor (GEF) and GTPase 
Activating Protein (GAP). RanGEF is able to trigger the exchange of GDP to 
GTP in Ran GTPase, whereas RanGAP is cable of catalyzing the hydrolysis of 




FIGURE 3.4 The Ran GTPase cycle. The Ran gradient in the cell is achieved by an 
asymmetric distribution of the Ran regulators. RCC1, the Ran guanine-nucleotide 
exchange factor (Ran-GEF) is bound to chromatin in the nucleus and promotes the 
dissociation of GDP from Ran and allows the binding of GTP. Ran in the nucleus is 
therefore predominantly in the GTP-bound form. Once RanGTP leaves the nucleus 
(together with its cargo), the RanGTPase-activating protein (RanGAP) induces GTP 
hydrolysis by Ran in cooperation with two Ran-binding proteins (RanBP1 and RanBP2), 
thus returning the Ran to GDP-bound form, which is competent for nuclear import. (The 
artwork attained by pencil drawing.) 
 
3.3.2 Characterization of a Ran GTPase homolog in T.brucei 
Ran has been identified bioinformatically in many protozoan parasites including 
Giardia, apicomplexans and trypanosomatids (Chen et al., 1994; Frankel and 
Knoll, 2008; Casanova et al., 2008). In T. brucei, a single homolog of Ran 
GTPase (rtb2) is encoded by Tb927.3.1120 (Field et al., 1995). Stable expression 
of a YFP fusion to T. brucei Ran (YFP-Ran) resulted in Ran localization to both 
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the nucleus and the cytoplasm, with predominantly nuclear staining present 
throughout the cell cycle (Fig 3.5). While this localization is similar to that 
observed in yeast and mammalian cells, it is different to the peri-nuclear 
localization observed for L. major Ran (Casanova et al., 2008) and the even 
distribution of T. gondii Ran throughout the cell (Frankel et al., 2008). 
 
 
FIGURE 3.5 Cellular localization of T. brucei RanGTPase during the cell cycle. 
9.13 cells stably over-expressing the YFP-Ran exhibited predominant YFP localization 




‘closed’ mitosis, Ran nuclear distribution remained intact.  Scale bar= 2µm.   
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  The subcellular localization of Ran in T. brucei was further verified using a 
monoclonal antibody (mAb) raised against human Ran (Cell Biolab, USA). This 
T. brucei Ran and labeled it specifically on 
immunoblots (Fig 3.6).  
         
        B      
 
FIGURE 3.6 Characterization of a 
monoclonal anti-Ran antibody. (A) 29.13 
cells were fixed with PFA, permeablized with 
0.25% Triton X-100 and stained with anti-Ran 
nd DAPI. (B) Anti-Ran mAb recognized a 
ngle ~25kDa band that corresponded to the 
stimated molecular weight of Ran in T. brucei 
sates, and a GST fusion to T. brucei Ran 
 
 
3.3.3 Characterization of t
Next I examined two mutant forms o
as replaced with Val and Ran T26N. By analogy to the Ras mutants, Ran G21V 
mimics a permanently active GTP-locked mutant and Ran T26N a permanently 
inactive GDP-locked state.  Correspondingly, YFP-Ran T26N localized primarily 







that was expressed and affinity purified from 
E. coli. Scale bar= 2µm. 
wo T.brucei Ran mutants 
f T. brucei Ran, Ran G21V in which Gly21 
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in the nucleus, and YFP-Ran G21V showed reduced labeling in the nucleus and 
more prominent distribution in the cytosol (Fig. 3.7). These results confirmed that 
T. brucei Ran behaved like an authentic Ran.  
It has been shown by others in the lab (He’s group, unpublished results) that Ran 
is essential for T. brucei viability. Cells lacking Ran exhibited mitotic arrest, 
where nuclear division was inhibited, leading to a significant accumulation of 
2K1N cells. This is however, distinct to the effect observed in T. brucei 
transiently overexpressing the above Ran mutants. As shown in Fig 3.8, the 
percentage of 1K2N cells increased in cells expressing either Ran T26N or Ran 
G21V, suggesting an inhibition of kinetoplast segregation in these cells. 
Consistently, stable expression clones could not be obtained for either mutant. It 
is, however, not clear why expression of the Ran mutants resulted in phenotypes 
















FIGURE 3.7 Cellular localization of TbRanGTPase mutants.  29.13 cells transiently 
expressing YFP fusion to wild type Ran (A), GTP-locked Ran G21V (B), and GDP-
locked Ran T26N (C) Wild-type TbRan localized to the nucleus and weakly to the 
cytoplasm.  GTP-locked form of TbRan localized to the cytoplasm excluded from the 
nucleus, while GDP-locked form mutant localized to the nucleus. Scale bar= 2µm. 
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 FIGURE 3.8 Effect of TbRan mutations on T.brucei cell cycle. Cells transiently 
expressing YFP-Ran, YFP-Ran T26N and YFP-Ran G21V were monitored for 
percentage of 1K2N cells in the whole cell population increased in cells expressing either 
TbRan mutated forms, G21V and T26N,   inhibition of kinetoplast segregation.   
 
 
3.4  Tb927.10.8650 encodes a new Ran-binding protein 
To examine the interaction between the hypothetical, Ran binding domain-
containing protein encoded by Tb927.10.8650, a pull down analysis was 
performed using bacterially expressed His-tagged Tb927.10.8650 and GST-
tagged Ran. GST-Ran was also preloaded with non-hydrolyzable GTP-γ-S or 
GDP to lock Ran in the GTP or GDP-bound states.  As shown in Fig 3.9, 
Tb927.10.8650, either the full-length protein or the C-terminal region containing 
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the Ran-binding domain, both interacted with Ran in a GTP-dependent fashion.   
The gene product of Tb927.10.8650 was thus renamed T. brucei RanBPL for 
RanBP-like protein. RanBPL showed little homology (~8% identity and 13 % 
similarity) to the putative RanBP1 (encoded by Tb11.02.0870) previously 
characterized in T. brucei (Casanova et al., 2008).  
 
 
FIGURE 3.9. Tb927.10.8650 interacts with Ran through its Ran-binding domain in 
a GTP-dependent fashion. His-tagged full-length RanBPL (A) or the C-terminal region 
containing the Ran-binding domain (RanBPL/C) (B) were immobilized to Ni++-NTA 
beads and used in pull-down assays, incubating with bacterial cell lysates expressing 
GST-Ran or GST only. As controls, bacterial lysates expressing GST-Ran were 
preloaded with GTPγS or GDP. RanBPL, full length or RanBPL/C, both interacted with 
GST-Ran but not GST only, in a GTP-dependent manner. 2% bacterial lysates were 






3.5  Ran, RanBPL and TbLRRP1 form a complex 
As RanBPL was initially characterized by yeast-two-hybrid screening as a 
putative TbLRRP1-interacting protein, the interaction between RanBPL and 
TbLRRP1 was then tested. Neither the full-length LRRP1 nor the LRR-containing 
N-terminal domain was soluble when expressed as bacterial fusion protein, 
interaction between TbRanBPL and TbLRRP1 was therefore examined using a 
pulled-down analysis, by incubating T. brucei cell lysates with His- RanBPL 
immoblized on beads (Fig 3.10A). As shown in Fig 3.10B, His-RanBPL pulled 
down both YFP-Ran and endogenous LRRP1, confirming the yeast-two-hybrid 
screening result as well as the interaction between RanBPL and Ran. 
Interestingly, both the full-length His-RanBPL, and the C-terminal region 
containing the Ran binding domain, failed to pull down LRRP1 in Ran-RNAi 
cells, though expression of LRRP1 in these cells was normal (Fig 3.11). These 
results suggested that Ran, RanBPL and LRRP1 formed a complex in vivo, and 










FIGURE 3.10 In-vitro isolation of RanBPL-Ran-TbLRRP1 complex. (A) To confirm 
the binding of RanBPL to Ran and TbLRRP1, His-TbRanBPL immobilized on beads was 
incubated with cell lysates containing stably expressed YFP-TbRan or YFP only. (B) 
His-RanBPL specifically pulled down YFP-Ran but not YFP only. Endogenous 
TbLRRP1 was pulled down in the same experiments, confirming the presence of 




IGURE 3.11 the interaction between RanBPL and TbLRRP1 relies on the 




TbLRRP1 in Ran-RNAi cell lysates, though expression of TbLRRP1 was unaltered by 
Ran-depletion (compare the input lanes for control and Ran-RNAi cells). ‘*’ indicates 
a non-specific band often observed in anti-TbLRRP1 blots. (B) Depletion of the Ran 
protein on immunoblots over the course of tetracycline induction. (C) Proliferation of 






3.6   TbLRRP1 functions in Ran regulation 
e Ran distribution between 
nd TbLRRP1 is reminiscent of the Ran-
opulation with homogenous YFP-Ran 
3.6.1 TbLRRP1 depletion disrupted th
nucleus and cytoplasm  
The interaction between Ran, RanBPL a
RanBP-RanGAP ternary complex previously characterized in human and yeast 
cells (Seewald et al., 2002). RanGAP directly interacts with Ran through the LRR 
domain, which belongs to the same RI-like class as the LRR found in TbLRRP1.   
I therefore hypothesized that TbLRRP1, which localizes to the bilobe and is 
essential for cell viability, functioned as a RanGAP. To test this hypothesis, the 
effects of TbLRRP1 on Ran activity both in vivo and in vitro were investigated. 
First, YFP-Ran was stably expressed in a stable TbLRRP1-RNAi cell line 
previously constructed (Zhou et al., 2010). 
 Despite several cloning attempts, a clonal p
expression could not be obtained. Many cells had no detectable YFP expression 
(Fig 3.12A). Upon induction of TbLRRP1 depletion with tetracycline, 
redistribution of YFP-Ran from nucleus to cytoplasm was observed in >50% of 
the cells as early as 16 hours post TbLRRP1-RNAi (Fig 3.12A and B). Cells with 
cytoplasmic YFP-Ran continued to increase over the course of induction (Fig 
3.12B)  Given that the onset of organelle duplication and cell division phenotypes 
were only observed later at ~48 hours post-induction (Zhou et al., 2010), 
disruption of intracellular Ran distribution appeared to be a primary effect of 
LRRP1.  Interestingly, in a small fraction of TbLRRP1-depleted cells (~10% at 
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24h post-induction), YFP-Ran was found in cytoplasmic punctate structures. The 
nature of these puncta was not clear, but they were reminiscent of the punctate 
structures that small RNA-binding protein La accumulated when nuclear import 
was inhibited upon transient depletion of ATP (Marchetti et al., 2000), suggesting 











FIGURE 3.12 TbLRRP1 depletion disrupted Ran distribution in the nucleus 
and the cytoplasm (A) To study the effect of TbLRRP1 depletion on Ran gradient, 
stable TbLRRP1-RNAi cells were doubly transfected with pXS2-YFP-TbRan. Stable 
clonal population with ~50% cells showing detectable YFP-TbRan expression was 
selected, and induced with tetracycline for TbLRRP1-RNAi. Changes in YFP-Ran 
localization were observed as early as 16 hours post induction, (B) Quantitative analysis 
of TbLRRP1-depletion on Ran localization. Scale bar=2µm. 
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3.6.2  TbLRRP1 is required for RanGTP hydrolysis  
TbLRRP1 was then analyzed for its function in RanGTP hydrolysis, using a 
commercially available Ran activation assay (Cell Biolab). In this assay, the 
selective binding of a human RanBP1 to GTP-bound Ran was used as a read out 
for RanGTP hydrolysis activity in cell lysates (Fig 3.13A). Agarose beads coated 
with human His-RanBP1 were incubated with lysates of cells induced for 
TbLRRP1-RNAi or not. Uninduced cell lysates preloaded with non-hydrolyzable 
GTP-γ-S or GDP to lock Ran in the GTP or GDP-bound states were also used as 
controls. As shown in Fig 3.13B, human RanBP1 bound to T. brucei Ran in a 
GTP-dependent fashion. Whereas GTP- γ -S enhanced the binding, GDP 
completely inhibited it, verifying the binding selectivity of human RanBP1 to T. 
brucei GTP-bound Ran. In cell lysates lacking TbLRRP1, binding of human 
RanBP1 to Ran was also enhanced as compared to control lysates containing 
TbLRRP1, indicating reduced Ran activation (therefore more Ran in the GTP-
bound state) in the absence of TbLRRP1. Similar results were observed when T. 







FIGURE 3.13 TbLRRP1 depletion inhibits RanGTP hydrolysis in T. brucei 
cell lysates. (A) The schematic depicts the rationale and experimental flow of the Ran 
Activation Assay (Cell Biolabs). (B) Ran activation was analyzed for both un-induced 
control and Ran-RNAi cell lysates, taking advantage of the highly specific binding of 
human RanBP1 to GTP-bound Ran, but not GDP-bound Ran. Control cell lysates loaded 
with GTPγS or GDP were used as control. (C) For quantitation, the relative intensity of 
the bands was read out for GTP-bound form. (D) His-tagged T. brucei RanBPL was used 
in place of human RanBP1 in the Ran activation assay. Control cell lysates preloaded 
with GTPγS or GDP were used as control.  Input, 10% of total cell lysates; PD, pull-
down products eluted from beads. Data shown represent averaged Ran-GTP levels 
(normalized against Ran-GTP pull-down from 29.13 cells) ± S.D., n=3 independent 
experiments. p values indicated for each condition were calculated by comparison to 





3.6.3   Cellular distribution of GTP-bound Ran upon TbLRRP1 
depletion 
As shown earlier, RanBPL selectively binds to GTP-Ran, a conserved behavior of 
Ran binding proteins (Bischoff et al., 1995; Hayashi et al., 1995). This property 
was therefore used to monitor the level of GTP-bound Ran in T. brucei, in the 
presence or absence of endogenous TbLRRP1. TbLRRP1-RNAi cells were 
induced with tetracycline for 48 hours, fixed with PFA and permeablized by 
0.25% Triton X-100. The cells were then incubated with purified His-RanBPL 
(1:200 diulation of 1mg/ml) in PBS containing 3% BSA for 1 hour at room 
temperature, allowing His-RanBPL to bind to GTP-Ran in situ. After extensive 
washes with PBS, the localization of His-RanBPL bound to cellular GTP-Ran was 
then monitored using anti-His antibody. As shown in Fig 3.14, in un-induced 
control cells, RanBPL localized primarily in the nucleus, suggesting enrichment 
of GTP-Ran in the nucleus, consistent with a nucleocytoplasmic Ran gradient 
observed in other eukaryotes. Upon TbLRRP1 depletion, His-RanBPL labelling 
became diffused throughout the cell, indicating a loss of Ran gradient in cells 
lacking TbLRRP1.  This observation further supported TbLRRP1 was required 






 FIGURE 3. 14 Depletion of TbLRRP1 disrupts cellular Ran gradient. In situ labeling 
of GTP-Ran was performed using His-RanBPL in control (A) and TbLRRP1-RNAi cells 
(B).  Scale bar=5µm. For quantitation, His-RanBPL intensity (AU) as indicated by anti-
Hisx6 was measured along a 10 µm distance (5µm from the center of the single nucleus 
to the posterior and to the anterior side) for 12 cells each. P, posterior; A, anterior; 0, the 





CHAPTER 4 Discussion  
 
TbLRRP1 is present exclusively on the bi-lobed structure (Zhou et al. 2010), 
which occupies a pivotal position at the proximal base of both the flagellum and 
the FAZ, and is tightly linked to the flagellar pocket collar (FPC) that constricts 
plasma membrane around the point of flagellum exit of the parasite body 
(Lacomble et al., 2009; Morriswood et al., 2009; Zhou et al., 2010; Shi et al., 
2008; de Graffenried et al., 2008; Ikeda et al., 2012). In the procyclic cells, the 
bilobe is also closely associated with the single Golgi and ER exit site (He et al., 
2005). Initially thought to be important for Golgi duplication and segregation, 
recent studies suggested that the bilobe may play a more fundamental role on the 
flagellum and flagellum associated structures. The exact function and the 
mechanism of the bilobe are yet to be unraveled. 
 
4.1 The exclusive presence and the essential functions of TbLRRP1 make 
it a useful marker to study bilobe functions and mechanisms.  
TbLRRP1, a 713-amino acid protein comprises of an LRR-containing domain in 
N-terminal region and a C-terminal coiled-coil region. It is essential for parasite 
survival. Depletion of TbLRRP1 resulted in new FAZ assembly but only 
moderately affected new flagellum biogenesis, resulting in kinetoplast division 
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and cell division defects. The duplication of bilobe and bilobe associated Golgi 
and FPC was also inhibited (Zhou et al., 2010).  The exclusive presence of the 
TbLRRP1 on the bilobe was likely mediated by a 50aa coiled-coil region in the C-
terminal half of TbLRRP1, which was sufficient and necessary for targeting YFP 
reporter to the bilobe.  TbLRRP1 thus provides a specific marker for bilobe 
immunoisolation and proteomics, which revealed extensive bilobe association 
with other subcellular structures (Gheiratmand et al., in press). 
The domain organization of TbLRRP1 however, provided little clue to its 
biological function. Vfl1 in Chlamydomonas and CLERC in humans both contain 
leucine-rich repeats and coiled-coils in similar organizations, and they have been 
found associated with centrosomes or basal bodies (Silflow et al., 2001; Muto et 
al., 2008). Deficiency in these proteins leads to flagellum biogenesis and mitotic 
spindle pole defects, though the exact mechanisms remained to be determined 
(Muto et al., 2010). However, the LRRs in Vfl1 and CLERC are distinct to the 
LRR in LRRP1. The latter belongs to the RI-like subfamily, which has been best 
characterized in ribonuclease inhibitors and yeast Rna1p, a RanGAP (Kobe et al., 
2001; Bella et al., 2008; Hillig et al., 1999). The structure of Rna1p has been 
solved and shown to contain 11 Leucine- rich repeats, each of 28 to 37 residues, 
forming a crescent shape (Hillig et al., 1999). The interactions between Ran and 
RanGAP are mediated by 7 of the 11 LRRs (Vetter et al., 1999; Seewald et al., 




To understand the molecular mechanism of TbLRRP1 and to further investigate 
the function of the bi-lobe, we searched for T. brucei proteins interacting with the 
LRR domain or the coiled-coil domain, using yeast-two-hybrid screening. The 
most interesting binding candidate (encoded by Tb927.10.8650), containing a 
Ran-binding domain, was further characterized biochemically and cell 




Ran is an abundant Ras-like small GTPase.  It is initially characterized for its role 
in modulating nucleocytoplasmic transport of macromolecules across the nuclear 
envelope (Moore et al., 1994). Later studies also find Ran GTPases involved in 
mitotic spindle and nuclear envelope re-assembly during the cell cycle (Gruss et 
al., 2004; Ciciarello et al., 2007; Sazer and Dasso, 2000; Yudin and Fainzilber 
2009).  The proper functions of Ran rely on various Ran regulators, including 
RanGAP that induces GTP hydrolysis (Bischoff et al., 1994), RanGEF that 
triggers GDP to GTP exchanges (Bischoff et al., 1990; Nishitani et al., 1990), and 
also importins that control nuclear protein transport (Golrich et al., 1994; Mattaj 
et al., 1998). The combined action of RanGAP and RanGEF results in a 
nucleocytoplasmic RanGTP/RanGDP gradient, which is critical for the directional 
protein trafficking in and out of the nucleus (Avis et al., 1996; Stewart, 2007; 
Macara, 2001; Clark and Zhang 2008).  
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Recent years have seen exciting new discoveries of Ran functions in cilia protein 
trafficking (Obado and Rout, 2012; Hurd et al., 2011; Fan et al., 2011; Fan and 
Margolis, 2011; Li and Hu, 2011). Several studies showed that Ran and importin 
proteins are present in ciliary proteomes (Gherman et al., 2006; Liu et al., 2007; 
Pazour et al., 2005; Anderson et al. 2003). Consistent with this, importin-β1 was 
found to control the targeting of an apical polarity protein Crumbs3b to the 
centrosomal region (Fan et al., 2007), whereas importin-β2 was found to control 
the targeting of retinitis pigmentosa 2 into the cilia (Hurd et al., 2011, Fan et al., 
2011). In an independent study, Ran and importin-β2 were found to regulate the 
ciliary entry of kinesin2 motor KIF17 in a similar manner of nuclear transport 
(Dishinger et al., 2010). The ciliary localization signal (CLS) identified in the 
KIF17 is similar to classic nuclear localization signals (NLSs) and is necessary 
and sufficient for cilium targeting. Like nuclear transport, high levels of RanGTP 
are present in the cilium and the ciliary-cytoplasmic gradient of Ran regulates the 
ciliary entry of kinesin motor KIF17 (Dishinger et al., 2010). Using an antibody 
that specifically detects Ran-GTP but not Ran-GDP (Lounsbury et al., 1996), 
Margolis group was able to recapitulate the above results in cilia from various cell 
types and tissues (Fan and Margolis 2011). Together, these studies provided the 
initial evidence demonstrating that RanGTP/ RanGDP gradient across the 
ciliary/cytoplasmic barrier regulates ciliary import.  
 
Furthermore, similar to nuclear–cytoplasmic shuttling that is controlled by the 
NPC, a large multiprotein complex composed of multiple copies of 30 different 
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nucleoporin proteins that assemble into subcomplexes (Brohawn et al., 2009; 
D’Angelo and Hetzer, 2008) embedded in the double membrane of the nuclear 
envelope to form a pore-like structure (Fahrenkrog and Aebi, 2003), ciliary pores 
that act as a permeability barrier at the cilia base are proposed to control ciliary 
protein trafficking. Supporting this, several fluorescently-tagged nucleoporins 
including eGFP-NUP37 (outer ring nucleoporin), eGFP–NUP35 (inner ring 
nucleoporin), NUP93–eGFP3 (linker nucleoporin), and NUP62–eGFP3 (central 
phenylalanine–glycine (FG) nucleoporin) have been localized to ciliary base (Kee 
et al., 2012). eGFP–NUP214, a member of the cytoplasmic FG-containing 
nucleoporin and filament subcomplex, is localized in distinct puncta near basal 
bodies. However, as ciliary and nuclear import share several molecular and 
mechanistic features, how cargoes are distinguished from entering the cilium or 
the nucleus is unclear.  
 
Compare to yeast and mammalian cells, the characterization of Ran in protozoan 
parasites lagged much behind. These studies were facilitated by the availability of 
the genomic databases. Ran has been found in many protozoan parasites including 
Giardia, apicomplexans and trypanosomatids (Chen et al., 1994; Frankel et al., 
2008; Casanova et al., 2008).  In Toxoplasma gondii, Ran was detected 
throughout the cell (Frankel et al., 2008). In Leishmania major, Ran was found to 
decorate a nuclear envelope ‘collar’ and to be closely associated with nuclear pore 
complexes (Casanova et al., 2008). Though lacking functional studies, the 
different cellular localization of Ran in these protists suggested potential 
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differences in transport machinery present in these organisms. For instance, 
Apicomplexans appear to lack several key nuclear transport proteins compared to 
other model organisms, or significant genetic drift has occurred in their nuclear 
transport proteins such that they are no longer recognized by BLAST searches. It 
is also suggested that these parasites encode minimal transport components that 
perform multiple, diverse functions (Frankel and Knoll, 2009).  In Leishmania 
major, putative homologues of Ran partners such as RanBP1, CAS, and NTF2 
were validated by colocalization studies with LmjRan to nuclear membrane 
punctates. BLAST analysis also identified one RanGAP candidate with a 
reasonable primary sequence similarity (34%) to yeast Rna1p. However, neither 
localisation nor biochemical studies, suggested any partnership of this protein 
with Ran (Casanova et al., 2008). 
In T. brucei, a single homolog of Ran GTPase (rtb2) is encoded by Tb927.3.1120 
(Field et al., 1995), whose amino acid sequence shows 83.5% identity and 92.2% 
similarity to L. major Ran, 68.9% identity and 78.5% similarity to yeast Ran. 
Stable expression of YFP-Ran or immunolabelling with an anti-Ran antibody 
resulted in distinct nuclear staining and weak cytoplasmic staining similar to yeast 
and human Ran but different to the more closely related L. major Ran (Casanova 
et al., 2008). Distinct nuclear localization of Ran was found throughout the cell 
cycle, as both the nuclear membrane and the NPCs remain intact during the closed 
mitosis. Also similar to the Ran GTPases found in yeast and mammals, T.brucei 
Ran T26N (a GDP-locked mutant) localized primarily in the nucleus, possibly due 
to its stable association with RCC1 (Lounsbury et al., 1996; Dasso et al., 1994). T. 
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brucei Ran G21V (a GTP-locked mutant), on the contrary, was present 
throughout the cell. These results indicated that T. brucei Ran behaved like an 
authentic Ran GTPase, similar to those found in yeast and mammal. Similar 
regulatory machineries, like RanGAPs and RanGEFs, may also be functioning in 
maintaining the Ran gradient in T. brucei.  
 
4.3 Is TbLRRP1 a RanGAP? 
Using yeast-two-hybrid screening, LRRP1 was found to interact with a previously 
uncharacterized Ran-binding protein RanBPL (encoded by Tb927.10.8650). Like 
RanBP1, T. brucei RanBPL bound to Ran in a GTP-dependent fashion. Further 
biochemical and cell biological characterization of TbLRRP1 interaction with T. 
brucei Ran and RanBPL supported the role of TbLRRP1 as a RanGAP. First, 
depletion of TbLRRP1 by RNAi led to disrupted Ran protein gradient and 
RanGTP/Ran-GDP gradient in vivo; second, TbLRRP1 was required for GTPase 
activity of Ran, as shown in in vitro assays; last but not least, TbLRRP1 formed a 
complex with RanBPL in a Ran-dependent fashion. However, direct biochemical 
analyses would be required to confirm the role of TbLRRP1 as a RanGAP. This 
has been challenging due to insolubility of TbLRRP1 when expressed in E. coli. 
The interaction between RanBPL and TbLRRP1 required the presence of Ran, 
similar to the Ran-RanGAP-RanBP1 interactions previously characterized 
(Seewald et al., 2002; Seewald et al., 2003).  The identification of RanBPL as a 
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TbLRRP1-interacting partner was therefore a serendipitous finding, and their 
interaction in yeast was likely via endogenous yeast Ran.   
 
In single-celled parasites, bioinformatic identification of RanGAP has not been 
straightforward due to sequence divergence. No RanGAP homologue has been 
found in apicomplexan parasites (Frankel et al., 2009). In Leishmania spp, a 
single, putative RanGAP homolog was identified by bioinformatic analyses but 
lacked functional characterization (Casanova et al., 2008). In the same study, a 
putative RanGAP that contained an RI-type LRR was also predicted for T.brucei 
(encoded by Tb927.7.1430). Neither the subcellular localization, nor RNAi 
knockdown of this putative RanGAP supported its association with Ran or its 
function as RanGAP. Our discovery of LRRP1 as a putative RanGAP with clear 
functions in Ran regulations thus provides the first characterization of a Ran- 
regulator in protozoan parasites. 
 
4.4 LRR-containing proteins  
TbLRRP1 is conserved only in trypanosomes. However, proteins with similar 
domain organization do exist in other eukaryotes and LRR-containing proteins are 
particularly abundant at basal bodies (Silflow et al., 2001; Muto et al., 2010). 
Many LRR-containing (LRRC) proteins have been implicated in ciliopathies. 
Serluca et al. (2009) reported the cloning and characterization of two alleles of 
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zebrafish seahorse (sea), seatg238a and seafa20r. sea encodes Lrrc61, a leucine-rich 
repeat-containing protein which is highly conserved in organisms that have motile 
cilia. They showed that the mentioned mutations in lrrc6l do not affect cilia 
structure, apical position of the basal body or the ability to interact with 
Disheveled, but result in severe cilia motility defects in the pronephros and neural 
tube that range from slow and disorganized cilia motility to immotile cilia. Thus, 
this study provided the first experimental evidence that lrrc6l is required for cilia 
motility in vivo.  
Several ciliopathy-associated proteins localize to centriolar satellite (Lopes et al., 
2011). To study the cellular and developmental consequences of disrupting 
centriolar satellites, Stowe et al. (2011) identified Cep72 as a new component of 
centriolar satellite that is required for the recruitment of the ciliopathy-associated 
protein Cep290 to the satellites. However, their analysis of human CEP72 
revealed a related LRR-containing protein Lrrc36. CEP72 and Lrrc36 are part of a 
duplicated genome region in mammals and share a similar protein domain 
structure, consisting of conserved LRR domains at the N-terminus and a coiled-
coil domain at the C-terminus. They showed the extensive co-localization of 
Cep72 with the centriolar satellite protein PCM1 (Pericentriolar material 1). In 
contrast, Lrrc36 localized to the pericentriolar material of the centrosome and did 
not overlap with PCM1.  
 
In a forward genetic screen for mutations affecting ciliary motility, Rooijen et al., 
2008, isolated zebrafish mutant hu255H. The mutation was found to disrupt an 
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ortholog of the uncharacterized highly conserved human SDS22-like leucine-rich 
repeat (LRR)-containing protein LRRC50 (16q24.1) and Chlamydomonas Oda7p. 
Zebrafish lrrc50 is specifically expressed in all ciliated tissues. lrrc50hu255H 
mutants develop pronephric cysts with an increased proliferative index, severely 
reduced brush border, and disorganized pronephric cilia manifesting impaired 
localized fluid flow consistent with ciliary dysfunction. 
Mining of the T. brucei genome database revealed >50 LRR-containing proteins 
and >40 proteins contain RI-like type LRR (Table 4.1). Few of these LRR-
containing proteins have been characterized (Morgan et al., 2004; Casanova et al., 
2008; Zhou et al., 2010). TbLRTP displays significant similarity to LRTP, a testis 
specific protein of Mus musculus and Homo sapiens implicated in polycystic 
kidney disease (Xue et al., 2000). LRRs in TbLRTP are homologues of SDS22 
subclass followed by a coiled-coil domain in C-terminal region. TbLRTP is found 
in association with the basal body that its expression is required for proliferation 
and completion of the cell cycle. Overexpression of TbLRTP suppresses basal 
body replication and new flagellum biogenesis. Depletion of the protein results in 
the biogenesis of additional ectopic basal bodies complete with an attached 
axoneme, paraflagellar rod, and FAZ associated microtubules (Morgan et al., 
2005). 
 
Though many of the T. brucei LRR-containing proteins may have other cellular 
functions (e.g. TbLRTP), it is possible that there are multiple RanGAPs present in 
T. brucei cells. TbLRRP1-RNAi depletion did not result in immediate mitotic 
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defects as have been observed in Ran-RNAi cells (our unpublished observations), 
also suggesting that other RanGAPs might be at work. 
 
 
4.5 TbLRRP1 functions primarily on flagellum and associated structures 
Not only divergent in primary sequence, the cellular localization of the RanGAP 
also varies in different organisms. Mammalian RanGAP targets to the NE during 
interphase and to the spindle and kinetochore during mitosis via a SUMOylated 
C-terminal domain (Meier et al., 2008). Plant RanGAP lacks the SUMOylated 
domain but contains a plant-specific N-terminal domain (WPP domain) that is 
responsible for RanGAP targeting to the nuclear rim (Rose et al., 2001). However, 
Saccharomyces cerevisiae RanGAP (Rna1P) is predominantly cytoplasmic 
without a significant concentration at the NE. Neither does it possess the 
SUMOylated domain. Unlike RanGAPs so far identified that is either on the 
nuclear envelope or in the cytosol (Meier et al., 2008; Rose et al., 2001; Frankel et 
al., 2009; Casanova et al., 2008), TbLRRP1 is a core cytoskeletal protein 
associated with the bilobe. The association is mostly resistance to detergent and 
high salt extractions (Zhou et al., 2010), though a small soluble pool (~30% of 
total TbLRRP1) was consistently observed (Ladan Gheiratmand, unpublished 
observation). Depletion of TbLRRP1 had no apparent effects on nuclear division 
or flagellum biogenesis, rather it inhibited the duplication of the bilobe and the 
assembly of the new FAZ, consequently inhibiting flagellum inheritance and 
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flagellum-driven cell motility and cell division (Zhou et al., 2010). Thus the 
primary function of TbLRRP1 is on the flagellum-associated structures such as 
the bilobe and the FAZ. FAZ is a complex structure required for flagellum 
attachment to the cell body. In addition to electron-dense protein filaments, the 
FAZ also contains a specialized set of four microtubules in close association with 
ER membrane (Sherwin and Gull, 1989a; Vickerman 1962; Vickerman 1969). 
During the cell cycle, FAZ assembles in co-ordination with flagellum (Kohl et al., 
1999), driving cell growth, organelle segregation and cell division (LaCount et al., 
2002; Morriswood et al., 2009; Shi et al., 2008; Zhou et al., 2010). Little, 
however, is known about the protein components and biogenesis of this structure.  
Two proteins have been found associated with the FAZ filament. FAZ1, a repeat-
containing protein is the first FAZ filament component and considered as a 
cytoskeletal structural protein on the cell body side of the FAZ filament. 
Knockdown of FAZ1 results in the assembly of a compromised FAZ and defects 
in flagellum attachment and cytokinesis in procyclic T.brucei (Kohl et al., 1999; 
Vaughan et al., 2008). CC2D is a new FAZ marker reported by Zhou et al. (2011). 
CC2D is also present on the basal bodies in procyclic T.brucei. Depletion of 
CC2D inhibits the elongation of new FAZ filament. Defective new FAZ assembly 
inhibits basal body segregation and subpellicular microtubule synthesis resulted in 
producing daughter cells with detached flagellum, shorter cell length and changed 
polarity (Zhou et al., 2011).  Further studies of these proteins and characterization 




4.6 What does TbLRRP1 tell us about bilobe functions? 
In addition to TbCentrin2, TbCentrin4, and TbMORN1, TbLRRP1 was the fourth 
protein identified by us to be stably associated with the bilobe. Initially thought to 
mediate Golgi/ER exit site biogenesis and inheritance, recent functional and 
morphological characterization of the bilobe structure suggested perhaps a more 
fundamental function of bilobe on flagellum and associated structures, most 
importantly the FAZ (Shi et al., 2008; de Graffenried et al., 2008; Zhou et al., 
2010; Esson et al., 2012; Gheiratmand et al., in press).
  
 
This study provided evidences supporting TbLRRP1 in Ran regulation. In light of 
recent findings highlighting the role of Ran-importin system in ciliary protein 
trafficking, we propose that the bilobe, strategically situated at the proximal base 
of the flagellum and FAZ and contained a putative RanGAP, may control protein 
trafficking into these structures. Whether or not the bilobe contains size exclusion 
pores requires further structural analyses. Interestingly, two centrin proteins 
TbCentrin2 and TbCentrin4 have both been found at the bilobe (He et al., 2005; 
Shi et al., 2008). In yeast, the single centrin CDC31 is also a nuclear pore 
complex component, interacting with SAC3 and regulating mRNA export from 
the nucleus (Fischer et al., 2004). In photoreceptor cells, centrins are located in 
the connecting cilium linking the light sensitive outer segment to the inner 
segment, perhaps functioning as a gatekeeper for light-induced translocation of 
83 
 
transducin through the connecting cilium (Gießl et al., 2006; Wolfrum and 
Salisbury, 1995; Wolfrum and Salisbury, 1998; wolfrum et al., 2002).   
 
 
4.7 Future Works 
Recent studies in mammalian cells have suggested a function of Ran in ciliary 
protein import, similar to its function in nuclear protein transport. Ran binding 
proteins including importins have also been found at the cilium base, and porous 
structures similar to nuclear pore complex were observed at the base of the 
flagellum/cilium, suggesting the mechanisms that regulate ciliary entry of soluble 
proteins may be mechanistically similar to those that regulate nuclear entry (Kee 
et al., 2012). How cargoes are distinguished from entering the cilium versus the 
nucleus is unclear. The complex molecular network at the base of the cilium also 
awaits further characterizations. The discovery of TbLRRP1, a bilobe associated 
putative RanGAP in T. brucei, opens up new means to study the function of Ran 
GTPase at flagellum/cilium. 
 
 
It has long been established that the maintenance of RanGTPase gradient across 
the nuclear envelope relies on the combined action of RanGAP in the cytosol and 
RanGEF (RCC1) in the nucleus, allowing directional transport (Avis et al., 1996). 
Like nuclear transport, high levels of RanGTP are present in the cilium and the 
ciliary-cytoplasmic gradient of Ran regulates the ciliary entry of kinesin motor 
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KIF17 (Dishinger et al., 2010). In order to investigate the presence of a similar 
RanGTP/GDP gradient along the flagellum and FAZ, we need to explore other 
proteins involved in Ran regulation other than TbLRRP1. In particular, recent 
studies have identified a highly divergent ortholog of RCC1 that is critical for 
parasite pathogenesis (Frankel et al., 2007) and functions as a guanine nucleotide 
exchange factor (GEF) for Ran (Frankel and Knoll, 2009). In Leshmania major 
though none of the four putative homologues of RCC1 could induce any 
phenotype when tested by RNAi as is the case for Ran. These results could 
suggest that none of these proteins is the actual homologue of RCC1 (Casanova et 
al., 2008). However, in the most recent effort to identify T.brucei homologues of 
nuclear transport components (Yahya and Zuraina, 2010), RCC1 repeat were 
predicted using in silico approach. Thereby, it will be worth looking to study the 
function of RCC1 homologue in T.brucei particularly a flagellum/FAZ specific 
RanGEF.      
Although TbLRRP1 is a bilobe resident protein, and was found as a core 
cytoskeletal component resistant to detergent and high salt extractions, it is not 
yet clear whether TbLRRP1 performs its RanGAP function at the bilobe. YFP-
RanBPL was found throughout the cell and did not show enrichment on the bilobe 
at any time of the cell cycle, providing little clue to its functional site. In vivo 
evidence for Ran-RanBPL-TbLRRP1 interaction at the bilobe is needed. To 
examine if Ran and RanBPL might form complex with the bilobe LRRP1, a 
fluorescence resonance energy transfer (FRET) approach (Forster, 1948) can be 
used. For example, GFP-Ran and mRFP-TbLRRP1 will be co-expressed in T. 
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brucei and FRET responses will be measured at the bilobe region. Furthermore, a 
GFP bimolecular fluorescence complementation approach (Ghosh et al., 2000; 
Wilson et al., 2004; Magliery et al., 2004) can also be used. In this approach the 
GFP reporter protein is split into two non-fluorescent fragments, each fused to a 
bait and a pray protein, which are then co-expressed in vivo. Bait and pray 
interaction brings the GFP fragments together and reconstitutes green 
fluorescence. For example, NGFP-Ran and CGFP-LRRP will be co-expressed in 
T.brucei. If TbRan and TbLRRP interact with each other invivo, the GFP reporter 
will be reassembled and emit green fluorescence.  
 
Once TbLRRP1 function as RanGAP on the bilobe is established by the above in 
vivo studies, further work will focus on characterization of nuclear-pore like 
function on the bilobe. Previous EM characterization of bilobe relied on detergent 
and salt-extraction of the flagellar complex (Esson et al., 2012), which removed 
most if not all soluble and membrane structures. In recent years, cryoelectron 
tomography has become a powerful tool to examine cellular structures in its 
native state (Koning et al., 2009). The technique involves the use of cell cultures 
frozen under vitreous conditions, which are cryosectioned into thin slices of 
1µm. The specimen is then viewed using a stage which is capable of tilting at 
angles of +70o (Medalia et al., 2002; Beck et al., 2007; Robinson et al., 2007; 
Brandt et al., 2009; Nickell et al., 2009). This cutting-edge method has been 
explored in visualization of T. brucei flagellum, as well as other subcellular 
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structures (Höög et al., 2012; Koyfman et al., 2011; Hughes et al., 2012). Though 
an earlier tomographic study on chemically-preserved T. brucei did not find the 
bilobe (Lacomble et al., 2009), a re-examination of cryo-fixed T. brucei may 
allow better visualization of the structure.  
A revisit of bilobe proteomes that were previously performed in our laboratory 
(Zhou et al., 2010; Gheiratmand et al., in press) revealed a putative nuclear 
protein, NUP-1 encoded by Tb927.2.4230 as well as some hypothetical proteins 
encoded by Tb927.7.6730, Tb927.10.14870, and Tb927.6.1180 which were 
localized to the nucleus. These were previously thought to be contaminants. A 
detailed characterization of these proteins, particularly their association with 
bilobe and their role in FAZ assembly, will be of potential interest.  
T. brucei alone contains >40 LRR-containing proteins (Table 4.1). Whether or not 
they represent new basal body/bilobe proteins and if additional RanGAPs may be 
found in this subset of LRRC require further biochemical and cell biological 







Table 4.1 List of LRR-containing proteins encoded by T. brucei genome.  
Gene ID Product description Molecular weight  Protein length Domain analysis The presence of Coiled-coil 
region 
Tb427.11.89501  Leucine-rich repeat (TbLRRP1) 78962 713 RNI-like 485-531 
Tb427.7.14302  hypothetical protein, conserved, 
leucine-rich repeat protein (LRRP), 
putative 
47760 448 RNI-like Null 
Tb427.3.47703  hypothetical protein, conserved, 
leucine-rich repeat protein (LRRP), 
putative 
44235 383 SDS22-like Null 
Tb427.01.3670 expression site-associated gene 
(ESAG) protein, putative 
79389 713 N-t RING/U box; L-domain like; C-
t RNI-like LRR 
Null 
Tb427.01.4180 hypothetical protein, conserved 81971 744 Near N-t RNI-like LRR;  636-685 
Tb427.01.5030 leucine-rich repeat protein (LRRP), 
putative 
80845 735 large L-domain like encompassing 
all most the entire protein 
Null 
Tb427.02.170 leucine-rich repeat protein (LRRP), 
putative 
155867 1411 large RNI-like and L-domain like 
regions 
43-81 
1 LRR-containing protein examined in the present study. 
2 LRR-containing protein studied by Casanova et al., 2008. 
3 LRR-containing protein studied by Morgan et al., 2005. 
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Tb427.03.1490 leucine-rich repeat protein (LRRP), 
putative 
89965 816 large RNI-like and L-domain like 
regions 
Null 
Tb427.03.2950 hypothetical protein, conserved 83847 759 RNI-like 640-683 
Tb427.05.590 protein phosphatase 1, regulatory 
subunit, putative 
45774 403 Large L-domain like region Null 
Tb427.06.1550 hypothetical protein, conserved 38878 353 RNI-like Null 
Tb427.07.1430 hypothetical protein, conserved 47745 448 RNI-like Null 
Tb427.08.2120 hypothetical protein, conserved 39406 366 RNI-like Null 
Tb427.08.3790 paraflagellar rod component, putative 
(PFC2) 
25120 223 L-domain like Null 
Tb427.10.1950 hypothetical protein, conserved 77142 711 RNI-like Null 
Tb427.10.9570 paraflagellar rod component, putative 
(PFC14) 
118688 1082 RNI-like Null 
Tb427.10.10190 hypothetical protein, conserved 94628 846 L-domain like Null 
Tb427.10.14610 hypothetical protein, conserved 121431 1103 RNI-like Null 
Tb427tmp.53.0001 hypothetical protein 154805 1411 large L-domain like and RNI-like 
regions 
48-80 
Tb427tmp.02.2850 hypothetical protein, conserved 168350 1498 L-domain like and RNI-like 343-373 
Tb427tmp.02.4230 hypothetical protein, conserved 95751 879 RNI-like Null 
Tb427.05.4400 hypothetical protein, conserved 47229 432 RNI-like Null 
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Tb427tmp.02.2690 hypothetical protein, conserved 48616 440 RNI-like Null 
Tb427tmp.01.0680 leucine rich repeat (TbLRRP1) 78934 713 RNI-like 485-531 
Tb427.03.580 leucine-rich repeat protein (LRRP), 
putative 
64413 580 RNI-like Null 
Tb427.04.2460 kinatase, putative 142947 1286 tyr-kinase, L-like Null 
Tb427tmp.160.3410 leucine-rich repeat protein (LRRP), 
putative 
52700 490 RNI-like Null 
Tb427tmp.46.0011 hypothetical protein, conserved 45573 415 RNI-like Null 
Tb427tmp.02.5220 dual specificity phopshatase, putative 46596 414 L-like and phosphotyrosine 
phosphatase 
Null 
Tb427.05.2270 hypothetical protein, conserved 53686 478 RNI-like Null 
Tb427.06.3560 hypothetical protein, conserved 168120 1483 L-like and IQ motif 1291-1323 
Tb427.07.290 leucine-rich repeat protein (LRRP), 
putative 
58725 537 RNI-like;RNI-like Null 
Tb427.07.6220 protein kinase, putative 60891 545 Protein Kinase; RNI-like Null 
Tb427.10.14460 hypothetical protein, conserved 111679 1012 RNI-like Null 
Tb427.07.2730 hypothetical protein, conserved 33928 307 RNI-like Null 
Tb427.07.5600 hypothetical protein, conserved 114581 1026 L-domain like Null 
Tb427tmp.02.1580 leucine-rich repeat protein (LRRP), 
putative 
45150 408 L-domain like Null 
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Tb427tmp.01.5250 hypothetical protein, conserved 37147 339 RNI-like Null 
Tb427tmp.01.8640 hypothetical protein, conserved 70716 628 RNI-like Null 
Tb427.04.2130 hypothetical protein, conserved 34819 318 RNI-like Null 
Tb427.05.3490 hypothetical protein, conserved 32747 304 RNI-like Null 
Tb427.07.250 hypothetical protein, conserved 
(ZC3H16) 
64375 584 RNI-like Null 
Tb427tmp.160.1290 hypothetical protein, conserved 208794 1919 RNI-like Null 
Tb427tmp.211.0600 hypothetical protein, conserved 19933 180 RNI-like Null 
Tb427.10.820 hypothetical protein, conserved 37640 345 RNI-like Null 
Tb427.10.5980 hypothetical protein, conserved 46829 426 L-domain like Null 
Tb427tmp.02.3390 dynein light chain, putative 23960 210 L-domain like Null 
Tb427tmp.02.1420 hypothetical protein, conserved 74885 684 RNI-like (460-565) Null 
Tb427.06.410 hypothetical protein, conserved 94045 858 RNI-like (334-602, 505-850) Null 
Tb427.06.1160 hypothetical protein, conserved 80957 741 L-domain like (126-420) Null 
Tb427.07.7110 leucine-rich repeat protein (LRRP), 
putative 
82459 743 RNI-like (170-437) and L-domain 
like (354-664) 
112-151 
Tb427.07.7180 leucine-rich repeat protein (LRRP), 
putative 
71452 645 RNI-like (73-339) and L-domain 
like (256-566) 
14-53 








Tb427.08.7950 hypothetical protein, conserved 191270 1747 RNI-like (1637-1742) Null 
Tb427tmp.02.1564 leucine-rich repeat protein (LRRP), 
putative 
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